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ABSTRACT: As waste management becomes a competitive sector, it is evident that international 

guidelines will further encourage the reuse of waste materials. While aluminium hydroxide sludge 

(AHS) is a problematic waste associated with health and environmental impacts, it is also a 

valuable material in terms of treating textile wastewater. This paper focuses on the green synthesis 

of Cu-doped AHS using lavender extract for the adsorption of a reactive azo dye, Remazol Red 

(RR)239. Results of SEM and FT-IR analyses show that AHS is in the form of aluminium hydroxide 

and its chemical structure comprises approximately 9.88±0.56% C, 63.39±0.63% O, 21.94±0.10% 

Al, and 4.04±0.14% S content by weight. Adsorption studies demonstrated that the lowest RR239 

uptake was 18.7% at pH 11, while it increased as the pH value decreased to 7. It was also 

determined that RR239 dye adsorption with Cu-AHS is more suited to pseudo 2nd-order kinetics. 

The comparison of the RR239 dye uptake capacities of Cu-AHS and AHS adsorbent exhibited that 

there is a great reduction in RR239 dye removal of Cu-AHS and AHS adsorbents after 75 mg/L 

RR239 dye concentration. However, across all concentrations, Cu-AHS exhibited a higher RR239 

dye uptake capacity than that of AHS. Adsorption isotherms also presented that the dye adsorption 

of AHS and Cu-AHS is more suitable for the Langmuir isotherm. The environmental advantages  

of the green synthesis method used in this study and the outstanding capacity of AHS in RR239 dye 

removal are vital in terms of guiding other studies in waste management.  
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INTRODUCTION

The rapid increase in commercial waste, such as metal 

hydroxide sludge being produced largely from aluminium 

industry, and the scarcity of traditional landfill capacity 

have become a major concern for industrialised countries. 

In search of an urgent solution to this situation, authorities 
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introduced new principles under the name of extended 

producer responsibility, which regulates producers’ 

responsibilities for waste disposal costs and sets recycling 

and reuse targets [1,2]. These expanded responsibilities 

will be reflected in many areas of production activities and 
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solution proposals are expected to direct new research 

areas in the literature [3,4]. 

On the other side, reactive dyes, which are the colorants 

of textile products designed to be covalently bonded with 

cellulosic fibres, are usually used in the textile industry 

because they offer a wide selection of colour tones, ease  

of application and brightness [5]. These dyes are of synthetic 

origin and their complex aromatic form makes them 

difficult to decompose. Most importantly, textile industries 

not only generate substantial quantities of wastewater, but 

this wastewater is also highly concentrated with these dyes 

[6,7]. It is only when these wastewaters are treated using 

clean techniques that the damage they cause to the 

environment could be minimised [8,9]. Hence, it is 

essential to develop cost-effective and environmentally 

friendly techniques for the adsorption of toxic dyes. 

Today, ecological methods such as green synthesis,  

in which less toxic reaction by-products are produced and 

the processes, in which a reduced amount of chemical use 

is required, have been increasingly implemented in the field 

of chemistry. For instance, graphene oxide was green-

synthesised to treat Methylene Blue (MB) from aquatic 

solution and it was found that the material presented a great 

capacity for wastewater treatment [10]. For the adsorption 

of MB and acid blue, the technique based on the green 

synthesis of graphene from recycled bottles was applied 

and it was seen that graphene reveals an outstanding 

adsorption capacity for several dyes [11]. The MB 

adsorption capacity of biosynthesised silver nanoparticles 

was also examined in detail and it was determined that the 

stability of the material was retained within 60 days [12]. 

Furthermore, the temperature effect on morphology and 

transformation of manganese oxide nanoparticles was examined 

through green synthesis in another study [9]. 

In this study, aluminium hydroxide sludge, which  

is a by-product generated from the electroplating and 

electrochemical industry, was used along with a lavender 

extract. Lavender (Lavandula Anguistifolia) is a plant that 

grows in temperate climates and is known for its very nice 

smell and bitter taste. It is also grown in the Mediterranean 

Region and many places in Turkey [13,14]. Lavender  

is used for various purposes in the cosmetic, food and 

medicinal industries due to its rich content [13]. It is stated 

that lavender has 50.6 mg GA/g phenolic and 27.6 mg R/g 

flavonoid content [15]. Nanostructures attracted the 

attention of researchers to better understand the ability  

to absorb and capturing of chemicals especially water 

engineering [16]. Nanoparticles such as silver and gold 

were synthesised by the green synthesising methodology 

using lavender extract, and antioxidant activity was 

studied with these nanoparticles [13-17]. For example, 

gold nanoparticles were synthesised using lavender leaf 

extract, and their antioxidant capacity was extensively 

examined [13]. Sea lavender was employed for the green 

synthesis of zinc oxide nanoparticles to evaluate their 

microbial and oxidant removal potentials [18].  However, 

no study has been found so far on the synthesis of 

nanoparticle-coated adsorbent prepared by green synthesis 

method using lavender extract, as well as their 

applicability in dye adsorption. Hence, this study holds 

originality in this regard.In this study, we propose an 

environmentally friendly approach for the green synthesis 

of aluminium hydroxide sludge (AHS) which is produced 

in large quantities by the galvanising industry. Cu-AHS 

(Cu-doped AHS) were synthesised using lavender extract 

under appropriate conditions. The synthesised Cu-doped 

AHS was then investigated to assess its ability to remove 

the reactive azo dye RR239 (Reactive Red 239), which 

was selected as a representative dye in this study. 

Simultaneously, the kinetic analyses along with the 

characterisation of Cu-doped AHS before and after dye 

adsorption provided a deep understanding of its 

fundamental mechanisms. To the best of our knowledge, 

based on published literature, this is the first time that Cu-

doped AHS was synthesised by using lavender for the 

removal of textile dye-RR239. 

 

EXPERIMENTAL SECTION 

Chemicals 

Remazol Red 3BS 133% (Reactive Red 239, RR239), 

which was purchased from DyStar, is a mono-azo dye with 

a molecular weight of 1136.32 g/mol. NaOH (CAS: 1310-

73-2) and H2SO4 (CAS: 7664-93-9) were used for pH 

adjustment and CuSO4.5H2O (CAS: 7758-99-8) obtained 

from Merck, was utilized for the synthesis of the adsorbent. 

 

Preparation of Cu-doped AHS by Green Synthesis Method 

AHS was formed precipitating metal ions from 

aluminium galvanizing industrial wastewater through alkali 

precipitation. It was subsequently purified using distilled 

water, dried, and sieved. AHS with a sieve range of 

250-500 µm was used in the study. 40 g of the room-
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temperature dried lavender was placed in 1 L of distilled 

water and stirred at 70 °C for 4 hours. After this blend  

was kept at room temperature for 18 hours, the lavenders 

were separated from it with a coarse filter and then the 

lavender extract was obtained by passing it through 0.45 µm 

filter paper. 0.5 N solution was prepared by dissolving 78.1 g 

of CuSO4.5H2O in 400 mL distilled water. The lavender 

extract was heated to 70 °C and 400 mL of 0.5 N Cu solution 

and 80 g of AHS were added into the extract at the same 

time. The mixture was stirred at 70 °C for 4 hours and incubated 

for 18 hours at room temperature in a dark environment.  

Cu-doped Aluminium Hydroxide Sludge (Cu-AHS) was 

separated from the extract, and its clumping was eliminated 

by gently grinding it using a dried mortar at 105 °C. 

 

Adsorption experiments 

Adsorption studies were performed by adding Cu-

AHS into a 100 mL sample (50 mg/L RR239). The pH 

value was adjusted by also adding H2SO4 and NaOH and 

it was measured with the help of a pH meter (WTW pH 315i). 

Adsorption was carried out by 60 minutes of agitation  

at 150 rpm and samples were taken at 10-minute intervals 

to determine the RR239 dye removal. After the samples 

were centrifuged at 4000 rpm for 5 minutes, measurements 

were recorded by using a spectrophotometer at a wavelength 

of 542 nm. 

In adsorption experiments, the effect of pH on the 

removal of RR239 dye using Cu-AHS adsorbent was 

initially investigated. For this purpose, adsorption studies 

were conducted with 0.1 g of Cu-AHS at a concentration 

of 50 mg/L RR239 dye, using an agitation speed of 

150 rpm, and at five different pH values (3, 5, 7, 9, and 11). 

Then, R239 dye removal was investigated when pH was 7 

and agitation speed was 150 rpm to achieve the highest 

RR239 uptake by using 8 different Cu-AHS dosages  

of 0.04, 0.05, 0.06, 0.08, 0.100, 0.135, 0.150 and 0.200 g.  

To determine the effect of agitation speed on RR239 dye 

removal, adsorption was performed at 50, 100, 150 and 

200 rpm agitation speed with 0.15 g of Cu-AHS at pH 7. 

In order to determine the effect of RR239 dye 

concentration, adsorption was performed at 25, 50, 75, 

100, 125, 150 and 175 mg/L RR239 dye concentrations at 

pH 7 with 0.15 g Cu-AHS dosage. In adsorption studies 

performed on parameters affecting adsorption (pH, Cu-AHS 

dosage, agitation speed, RR239 concentration), pseudo 

first and second order kinetics were calculated according 

to RR239 dye concentration changes obtained with 

samples taken at 10-minute intervals by employing 

equations below (Eq. (1) to (3)) [19, 20]. 

Adsorption Capacity:      𝑞𝑒(𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛) =
(𝐶0−𝐶𝑒)∗𝑉

𝑚
          (1) 

Pseudo 1st order kinetic:   𝑙𝑛(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑛𝑞𝑒 − 𝑘1𝑡      (2) 

Pseudo 2nd order kinetic:              
𝑡

𝑞𝑡
=

1

𝑘2𝑞𝑒
2 +

1

𝑞𝑒
𝑡              (3)                                                                 

In Eq. (1), adsorption capacity (qe) is calculated by using 

C0 (mg/L) and Ce (mg/L) which are the initial RR239 

concentration, and the equilibrium RR239 concentration 

respectively. m (g) refers to the amount of adsorbent, and V (L) 

represents the volume of the dye solution. In Eq. (2) and (3), 

qe is the adsorptive removal capacity at equilibrium 

and qt (mg/g) is the adsorptive removal capacity at time t 

(minutes), k1 (1/min) and k2 (g/mg.min) are the rate 

constants for the first and second order kinetic models. 

Adsorption isotherms were conducted at pH 7 by using 

0.150 g of AHS or Cu-AHS at initial RR239 

concentrations of 25, 50, 75, 100, 125, 150 and 175 mg/L. 

The adsorption process involved shaking the mixture for 

60 minutes at 150 rpm. Samples were taken at 10-minute 

intervals, followed by centrifugation at 4000 rpm for 

5 minutes. The supernatant was then analysed using  

a spectrophotometer to determine the measurements  

at a wavelength of 542 nm. In this study, Langmuir  

and Freundlich Isotherms were calculated with RR239 dye 

uptake results obtained after 60 minutes of adsorption. 

To investigate the effect of temperature on adsorption 

isotherms, adsorption studies were conducted at temperatures 

of 20, 30, 35, 40, and 45 °C. The experiments were performed 

using 0.15 g of Cu-AHS at pH 7 with initial RR239 

concentrations of 25, 50, 75, 100, 125, 150, and 175 mg/L. 

After 60 minutes of adsorption, samples were taken, and  

the RR239 concentrations in these samples were used  

to calculate the Langmuir and Freundlich isotherms.  

Adsorption thermodynamics were determined based 

on the RR239 concentrations obtained after 60 minutes 

of adsorption at temperatures of 20, 30, 35, 40, and 

45 °C. The experiments were conducted using a dosage 

of 0.15 g of Cu-AHS and an initial RR239 dye 

concentration of 100 mg/L, with pH set at 7. 

 

Analyses 

The RR239 dye concentration was specified with 

the help of a UV–Vis spectrophotometer (Schimadzu

https://doi.org/10.1016/j.jhazmat.2020.122156
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Fig. 1: Characterisation of Cu-AHS a) SEM image of Cu-AHS (2µm), b) SEM image of Cu-AHS (4µm), and c) mapping of Cu-AHS 

 

UV-2401 PC) at a wavelength of 542 nm. SEM, EDAX 

and mapping were carried out with FEI brand Quanta 

FEG 250 model device. SEM images were taken  

at 5 kV, 3.5 spot and 90 Pa pressure with 20000X and 

40000X magnifications. A wavelength range of 400  

to 4000 (1/cm) was used in the FT-IR (Bruker, Vertex 70 ATR) 

analysis.  Pore volume and specific surface area were calculated 

in BET analysis which was performed with 

Micromeritics-Tristar II by N2 adsorption at 77 K. 

 

RESULTS AND DISCUSSION 

Cu-doped AHS Characterisation 

The SEM image of Cu-AHS is given in Fig. 1. When 

the structure of AHS is examined, it was detected that it 

has crystalline properties in a knife-like structure. This 

observation aligns with findings reported in the 

literature [21]. It is seen that the Cu nanoparticle coated 

with the green synthesis method is heterogeneously 

located on the AHS surface. 

When SEM mapping is examined, it is seen that the 

distribution of Al and O is similar and heterogeneous, 

while Cu is distributed homogeneously. In the EDAX 

analysis of Cu-AHS, the structure of AHS was found to 

have 9.88±0.56% C (carbon), 63.39±0.63% O (oxygen), 

21.94±0.10% Al (aluminium), 4.04±0.14% S (sulphur), 

whereas Cu-AHS was determined to have 0.75±0.01 of 

the Cu content by weight. 

FT-IR spectrum of Cu-AHS is given in Fig. 2. The 

highest peaks occur at 1629, 1094, 979, 595, 535 and 

478 (1/cm). Sharp large peaks appearing at 478, 535 and 

1094 (1/cm) are due to Al-O or Al-O-Al bonds [6,22]. 

Similarly, in the literature, it was stated that the peaks  

(a) (b) 

(c) 

https://doi.org/10.1016/j.corsci.2019.05.022
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Table 1: The results of Cu-AHS’s BET analysis 

Adsorban SBET (m2/g) Smicro (m
2/g) Smeso (m

2/g) Vmicro (cm3/g) Vmeso (cm3/g) Dp nm 

Cu-AHS 38.8948 3.1035 35.7913 0.00137 0.190117 19.69284 

 

 
Fig. 2: FT-IR spectrum of Cu-AHS 

 

 
Fig. 3: a) N2 adsorption-desorption isotherm plot of Cu-AHS b) Pore volume distribution of Cu-AHS 

 

appearing at 510 and 1082 (1/cm) were caused by Al-O 

bonds of Al(OH)3 [23]. It is estimated that there are 

vibrations of Cu-O bonds originating from CuO 

nanoparticles at 478 and 535 (1/cm) [24]. O-H bonds in 

Cu-AHS are shown at 3322 (1/cm). 

 

BET analysis of Cu-AHS 

The results of Cu-AHS’s BET analysis are given  

in Table 1. The specific surface area of Cu-AHS was determined 

as 38.8948 m2/g. While Cu-AHS has micro and 

mesoporous formations, it is seen that it mostly consists  

of mesoporous structures.  

According to the N2 adsorption-desorption graph, while 

a small amount of N2 is adsorbed at low relative pressure 

(p/p0 < 0.1), strong N2 adsorption is observed at high 

relative pressure values (p/p0 > 0.9) (Fig. 3a). According to 

the pore volume distribution, it is seen that the majority  

of Cu-AHS has a pore size of 5-50 nm (Fig. 3b). 

file:///C:/Users/samsung/Downloads/10.3390/nano9111626
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Table 2: Kinetic parameters of RR239 dye adsorption with Cu-AHS at different pH values (RR239 concentration: 50 mg/L, Cu-AHS 

dosage: 1.0 g/L) 

pH qe (mg/g) (experiment) 
Pseudo 1st order Pseudo 2nd order 

k1 (1/min) qe (mg/g) R2 k2 (g/mg.min) qe (mg/g) R2 

3 35.97 0.0611 28.66 0.9684 0.003 40.65 0.9978 

5 36.49 0.0734 9.40 0.8629 0.034 36.76 0.9996 

7 43.74 0.0747 7.55 0.5705 0.063 43.86 0.9999 

9 40.91 0.0695 18.96 0.8629 0.011 42.02 0.9994 

11 10.03 0.05 6.53 0.8341 0.014 10.79 0.9835 

 

 
Fig. 4: The effect of pH on RR239 uptake with Cu-AHS (RR239 

concentration: 50 mg/L, Cu-AHS dosage: 1.0 g/L) 

 

Effect of pH on dye adsorption and kinetics 

pH is a crucial parameter in adsorption studies. Dye 

adsorption changes depending on both the pHpzc (point of 

zero charge) of the adsorbent and the charges of dyes [25, 26]. 

The electrostatic attraction force between the dye and the 

adsorbent surface plays a significant role in dye 

adsorption, making the charge of the dye an important 

factor [27]. In addition, in anionic dyes such as RR239, the 

position of SO3 and NH2 groups affects the dye adsorption 

due to the amount of positively charged sulfonic groups 

with affinity and affects the electrostatic power [25, 28]. 

In studies conducted at different pH values, the lowest 

RR239 uptake was 18.7% at pH 11, while it was reported 

that RR239 uptake increased as the pH value decreased to 

7 (Fig. 4). It is stated that RR239 dye uptake is quite low 

at pH 11 compared to other pH values is due to ionic 

repulsion as a consequence of the existence of OH ions 

between negatively charged Cu-AHS and aprotic dye 

molecules [25]. Extremely low removal of the anionic 

reactive dye RR239 under strongly basic (pH 10-11) 

conditions has also been observed in the literature [26]. 

At pH 9, the uptake of RR239 increased to 82.2%, 

while at pH 7, the uptake reached 89.0%. A decrease  

in RR239 uptake was observed at acidic pH values (pH<7), 

with a decrease of up to 67.7% at pH 3. Cu-AHS exhibited 

the maximum uptake of RR239 dye at pH 7, whereas  

the optimum pH for RR239 dye uptake with modified 

zeolite was also found to be pH 7 [25]. 

Pseudo 1st and 2nd order kinetic parameters calculated 

at different pH values are depicted in Table 2. It is seen 

that the RR239 dye adsorption with Cu-AHS takes place 

rapidly in the first 10 minutes of adsorption time and after 

10 minutes the RR239 adsorption is quite slow. Cu-AHS 

for RR239 dye uptake consists of two stages: the first is 

the initial phase, in which the adsorption of RR239 dye 

molecules is fast, and the second is the slow adsorption of 

RR239 dye molecules [25]. RR239 dye adsorption with 

Cu-AHS is more suited to pseudo 2nd order kinetics, and 

the highest qe and k2 were obtained with pseudo 2nd order 

kinetics at pH 7 as 43.86 mg/g and 0.063 g/(mg.min), 

respectively. While the pseudo 2nd order kinetic represents 

the linear relationship of the adsorption rate with adsorbent 

concentration and the adsorbate, the dosage of adsorbent 

becomes an essential factor [7].  

 

Effect of Cu-AHS dosage on the dye adsorption and kinetics 

The time-dependent RR239 dye uptake at different Cu-

AHS dosages at pH 7 is given in Fig. 5. As Cu-AHS 

dosage increased up to 1.5 g/L, RR239 uptake also 

improved, but no significant change was observed in 

RR239 dye removal with increasing Cu-AHS dosage to 

2.0 g/L.  The RR239 dye uptake was 41.1% at a Cu-AHS 

dosage of 0.4 g/L. As the Cu-AHS dosage increased to 0.6, 

0.8, and 1.0 g/L, the RR239 dye uptake increased to 74.5%, 

87.4%, and 89.0%, respectively. Achieving a dosage  

of 1.50 g/L Cu-AHS resulted in a RR239 dye uptake  

of 95.7%. The progression in the adsorption of MB 

(Methylene Blue) with the increase of Cu-AHS dosage 

from 0.4 to 1.5 g/L causes a growth in the effective surface 

zone of Cu-AHS [29]. 

http://dx.doi.org/10.1016/j.cej.2012.06.038
https://doi.org/10.1016/j.matchemphys.2018.02.036
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Table 3: Kinetic parameters of RR239 dye adsorption with Cu-AHS at different Cu-AHS dosage (RR239 concentration: 50 mg/L, pH: 7) 

Cu-AHS dosage (g/L) qe (mg/g) (experiment) 
Pseudo 1st order Pseudo 2nd order 

k1 (1/min) qe (mg/g) R2 k2 (g/mg.min) qe (mg/g) R2 

0.4 51.32 0.0695 10.91 0.5486 0.026 52.36 0.9993 

0.5 46.14 0.1074 23.86 0.9323 0.017 47.17 0.9999 

0.6 62.07 0.0761 53.93 0.9471 0.002 69.93 0.9908 

0.8 46.55 0.0720 38.29 0.9476 0.003 52.36 0.9908 

1.0 44.49 0.0579 8.66 0.5048 0.036 44.44 0.9995 

1.35 34.09 0.0569 20.05 0.8839 0.006 35.97 0.9979 

1.50 31.89 0.1066 5.04 0.6693 0.704 31.85 1.0000 

2.00 24.06 0.0838 1.75 0.4497 0.494 24.04 1.0000 

 

 
Fig. 5: The effect of Cu-AHS dosage on RR239 uptake (RR239 

concentration: 50 mg/L, pH: 7) 

 

The kinetic parameters acquired in the study 

performed at changing Cu-AHS dosages are given in 

Table 3. It is seen that RR239 dye adsorption is more 

suited to pseudo 2nd order kinetics at all Cu-AHS 

dosages. Pseudo 2nd order kinetics show that the rate-

limiting step is chemical adsorption between the surface 

of the Cu-AHS and the RR239 dye molecules [30]. At the 

dosages of 1.5 g/L Cu-AHS with the highest RR239 

dye uptake, qe and k2 were calculated as 31.85 mg/g and 

0.704 g/mg.min, respectively. 

 

Effect of agitation speed on dye adsorption and kinetics 

To determine the effect of agitation speed on RR239 

adsorption, RR239 dye removals obtained in studies 

performed with Cu-AHS at different agitation speeds are 

given in Fig. 6. As seen in the figure, while 77.8% RR239 

dye removal was obtained after 60 minutes of adsorption 

at 50 rpm agitation speed, RR239 dye removal increased 

to 92.6% at 100 rpm agitation speed. By agitation,  

the diffusion and mass transfer coefficient increase and the 

boundary resistance on the Cu-AHS surface decreases, so 

the RR239 dye removal improves [31]. 

 
Fig. 6: The effect of agitation speed on RR239 removal with 

Cu-AHS (RR239 concentration: 50 mg/L, Cu-AHS: 1.5 g/L, pH: 7) 

 

While the highest RR239 dye removal rate was 

obtained as 95.7% at 150 rpm agitation speed, RR239 dye 

removal decreased to 91.2% when this speed increased  

to 200 rpm. High agitation speed causes the collision of 

RR239 dye and Cu-AHS with increasing kinetic energy, 

and as a result, RR239 dye molecules on the Cu-AHS 

surface are mixed into the solution by desorption [32].  

The kinetic parameters obtained at different agitation 

speeds are given in Table 4. Parallel to the removal 

efficiency, qmax and k2 increase at 100 and 150 rpm 

agitation speed and decrease at 200 rpm.  

 

Effect of initial dye concentrations on the dye adsorption 

and kinetics 

The concentration of the dye plays a significant role 

in dye adsorption as it facilitates mass transfer between 

the liquid and solid phases. The dye concentration acts as 

a driving force to overcome resistance and thus affects 

dye adsorption [27]. The time-dependent variation of Cu-AHS 

for RR239 dye uptake at different initial RR239 dye 

concentrations is given in Fig. 7. While around 95% 

RR239 uptake was achieved at 25 and 50 mg/L RR239  

https://doi.org/10.1111/cote.12526
https://doi.org/10.1007/s40899-022-00640-1
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Table 4: Kinetic parameters of RR239 dye adsorption with Cu-AHS at different agitation speed (RR239 concentration: 50 mg/L, 

Cu-AHS: 1.5 g/L, pH: 7) 

Agitation speed (rpm) qe (mg/g) (experiment) 
Pseudo 1st order Pseudo 2nd order 

k1 (1/min) qe (mg/g) R2 k2 (g/mg.min) qe (mg/g) R2 

50 25.93 0.0445 16.64 0.8382 0.005 27.62 0.9808 

100 30.85 0.1002 14.64 0.9282 0.023 31.55 1.0000 

150 31.89 0.1066 5.04 0.6693 0.704 31.85 1.0000 

200 30.41 0.1212 8.15 0.8703 0.092 30.58 1.0000 

 

Table 5: Kinetic parameters of RR239 dye adsorption with Cu-AHS at different initial RR239 dye concentration (Cu-AHS: 1.5 g/L, pH: 7) 

Initial RR239 (mg/L) qe (mg/g) (experiment) 
Pseudo 1st order Pseudo 2nd order 

k1 (1/min) qe (mg/g) R2 k2 (g/mg.min) qe (mg/g) R2 

25 16.55 0.0165 0.53 0.0164 0.866 16.58 1.0000 

50 32.87 0.1029 1.22 0.4424 1.320 32.89 1.0000 

75 46.60 0.736 21.06 0.8653 0.011 47.85 0.9997 

100 48.25 0.0990 18.08 0.8822 0.023 49.02 0.9999 

125 39.27 0.0934 8.00 0.7216 0.015 39.53 1.0000 

150 45.56 0.0741 13.70 0.7523 0.023 46.08 0.9998 

175 48.35 0.1140 18.51 0.8922 0.029 48.78 0.9999 

 

 
Fig. 7: The effect of initial RR239 concentration on RR239 

uptake with Cu-AHS (Cu-AHS: 1.5 g/L, pH: 7) 

 

dye concentration, a gradual decrease in RR239 uptake 

was experienced after 75 mg/L initial RR239 concentration. 

While 95.7% RR239 dye uptake was seen at 50 mg/L 

RR239 dye concentration, RR239 dye uptake decreased 

to 41.4% at 175 mg/L RR239 dye concentration. At low 

initial RR239 dye concentrations, the dyes in the solution 

interrelate with the binding sites, resulting in improved 

adsorption, while at high initial RR239 dye 

concentrations, the RR239 dye uptake efficiency 

decreases due to the saturation of active sites [31]. 

When the kinetic analysis is examined at different initial 

concentrations of RR239, it was experienced that the 

pseudo 2nd order kinetics suited more for RR239 dye uptake 

 
Fig. 8: The effect of initial RR239 concentration on RR239 

uptake with AHS (AHS: 1.5 g/L, pH: 7) 

 

(Table 5). While the highest k2 value was obtained as 

1.32 g/mg.min at 50 mg/L RR239 dye concentration, the k2 

value sharply decreased at 75 mg/L RR239 dye concentration. 

To compare the RR239 dye uptake of Cu-AHS and 

AHS adsorbents, time-dependent dye removal studies 

were conducted at pH 7 using 1.5 g/L AHS with RR239 

dye concentrations ranging from 25 to 175 mg/L. Unlike 

the Cu-AHS adsorbent, it was observed that the RR239 

dye uptake increased over time in the studies conducted 

with the AHS adsorbent (Fig. 8). However, in the first 10 min 

of adsorption with Cu-AHS, there was a significant 

reduction in RR239 dye uptake, and no substantial change 

was observed in the subsequent periods.  

https://doi.org/10.1007/s40899-022-00640-1
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Table 6: Kinetic parameters of RR239 dye adsorption with AHS at different initial RR239 dye concentration (AHS: 1.5 g/L, pH: 7)  

Initial RR239 (mg/L) qe (mg/g) (experiment) 
Pseudo 1st order Pseudo 2nd order 

k1 (1/min) qe (mg/g) R2 k2 (g/mg.min) qe (mg/g) R2 

25 16.43 0.0858 5.45 0.8265 0.671 16.61 0.9999 

50 30.94 0.0714 14.07 0.8679 0.016 31.75 0.9995 

75 41.12 0.0656 20.64 0.8778 0.009 42.55 0.9990 

100 47.26 0.0668 27.02 0.9124 0.006 49.50 0.9988 

125 36.53 0.0534 27.33 0.9560 0.003 40.49 0.9942 

150 36.55 0.0578 34.60 0.9457 0.023 43.67 0.9900 

175 38.87 0.0675 37.30 0.9463 0.002 45.05 0.9958 

 

Table 7: Langmuir and Freundlich Isotherm constants of 

RR239 with AHS and Cu-AHS (AHS or Cu-AHS: 1.5 g/L, 

pH: 7, time: 60 min) 

Parameter AHS Cu-AHS 

Langmuir Isotherm 

qmax (mg/g) 37.88 47.39 

KL (L/mg) 1.7 3.7 

RL 0.006-0.023 0.006-0.011 

R2 0.9978 0.9985 

Freundlich Isotherm 

1/n 0.1291 0.1395 

KF 22.52 28.30 

R2 0.7452 0.7379 

Temkin Isotherm 

B 3.90 4.35 

AT (L/g) 626 1280 

R2 0.6439 0.7930 

 

In the adsorption studies of RR239 with Cu-AHS, a dye 

uptake of 95% was achieved for dye concentrations up to 

50 mg/L. In the studies conducted with AHS, it was observed 

that the dye uptake decreased from 90.2% to 77.8% by 

increasing the RR239 dye concentration from 25 mg/L to 

50 mg/L.  At 75 mg/L RR239 dye concentration, 84.7% 

and 60.0% RR239 dye uptake rates were obtained with Cu-

AHS and AHS, respectively. With the 75 mg/L RR239 dye 

concentration, a great reduction in RR239 dye removal 

was observed with Cu-AHS adsorbent. At all RR239 dye 

concentrations, the dye removal rates obtained with  

Cu-AHS were higher than those acquired with AHS. 

The kinetic parameters obtained in the AHS and 

RR239 dye adsorption studies are given in Table 6. 

Compared to Cu-AHS, it is seen that the k2 values obtained 

with AHS are lower, and the highest k2 was obtained 

as 0.671 g/mg.min at 25 mg/L RR239 dye concentration. 

With Cu-AHS, the k2 value increases up to 50 mg/L 

RR239 dye concentration, and the k2 value was calculated 

as 1.320 g/(mg.min) at 75 mg/L RR239 concentration. 

 

Adsorption isotherms  

Langmuir, Freundlich and Temkin isotherm models 

were created with the RR239 dye uptake results obtained 

with Cu-AHS and AHS at different concentrations of 

RR239. These isotherm models were calculated according 

to the formulations given in our previously published AHS 

study [5,6,33]. The parameters obtained for RR239 dye 

adsorption with AHS and Cu-AHS are presented in Table 7. 

As shown in the table, the dye adsorption of AHS and Cu-AHS 

for RR239 uptake is more suitable for the Langmuir 

isotherm since the R2 value is closer to 1. 

The adsorption of AHS and Cu-AHS for RR239 uptake 

takes place as a single layer on the homogeneous adsorbent 

surface [6]. In the range of 25-175 mg/L RR239 initial dye 

concentration, the KL value calculated for Cu-AHS and 

AHS adsorbents was between 0 and 1, indicating that 

RR239 dye adsorption with these adsorbents is favourable [6]. 

Similarly, the 1/n value between 0 and 1 in the Freundlich 

isotherm indicates that the RR239 dye adsorption with 

AHS and Cu-AHS adsorbents is also favourable [8]. 

According to Langmuir isotherm, qmax values for AHS and 

Cu-AHS with RR239 were obtained as 37.88 and 47.39 mg/g, 

respectively. It was noted that the qmax value improved  

1.25 times in RR239 dye adsorption with Cu-AHS 

adsorbent made by the green synthesis method with 

lavender extract. Previously, qmax was calculated as  

55.2 mg/g with AHS in the 100-500 μm size range [6]. 

However, since AHS in the 250-500 µm size range  

was used in this study, it is thought that an increase in AHS 

particle size causes a decrease in RR239 dye adsorption 

capacity. In addition, in the SEM-EDAX analysis 

https://doi.org/10.1080/15440478.2022.2062083
file:///C:/Users/samsung/Downloads/10.1080/00405000.2022.2124614
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Table 8: Isotherm parameters obtained in the uptake of RR239 dye with different adsorbents 

Adsorban Conditions 
Langmuir Isotherm Freundlich Isotherm 

Ref. 
qmax (mg/g) KL (L/g) RL R2 KF n R2 

AHS C: 25-175 mg/L, pH: 7, dosage: 1.5 g/L 37.88 1.7 0.006-0.023 0.9978 22.52 7.75 0.7452 this study 

Cu-AHS C: 25-175 mg/L, pH: 7, dosage: 1.5 g/L 47.39 3.7 0.006-0.011 0.9985 28.30 7.17 0.7379 this study 

AHS C: 100-1000 mg/L, pH: 5, dosage: 8 g/L 55.2 0.134 0.007-0.130 0.9869 2.30 0.018 0.9049 [6] 

HDMA-zeolite C: 25-500 mg/L, pH: 7, dosage: 0.05 g 33.0 3.22.103 0.383 0.9886 17.55.102 0.8188 0.9975 [25] 

HTAB-zeolite - 111.1 1.088 0.0098 0.98    [34] 

Fe3O4@CS-BAL C: 40-160 mg/L, pH: 7, dosage: 20 mg 200 2.5 0.0039 0.9969 7.93 6.32 0.8526 [26] 

AAm-AAc hydrogel C: 30-300 mg/L, dosage: 0.2 g 44.19 6.93.10-3 - 0.9901 - - - [35] 

Sepiolite - 108.8 2.31 0.021 0.97 - - - 
[36] 

Zeolite - 111.1 0.919 0.009 0.98 - - - 

Corra sawdust C: 50-300 mg/L, pH: 1.6, dosage: 83.3 g/L 15.1 0.0183 - 0.99 0.305 1.14 0.99 [37] 

HDMA-zeolite: hexamethylenediamine modified zeolite, HTAB-zeolite: hexadecyltrimethylammonium bromide modified zeolite, AAm-AAc 

hydrogel: Acrylamide and acrylic acid hydrogel

 

Table 9: Langmuir and Freundlich Isotherm constants of 

RR239 with Cu-AHS (Cu-AHS: 1.5 g/L, pH: 7, time: 60 min) 

Parameter 20 °C 30 °C 35 °C 40 °C 45 °C 

Langmuir Isotherm 

qmax (mg/g) 47.39 64.94 64.52 74.07 73.53 

KL (L/mg) 3.7 0.1 0..2 0.1 0.1 

RL 0.006-0.011 0.006-0.212 0.006-0.190 0.006-0.270 0.006-0.239 

R2 0.9985 0.9922 0.9939 0.9956 0.9964 

Freundlich Isotherm 

1/n 0.1395 0.2767 0.2586 0.2972 0.2716 

KF 28.30 19.34 21.14 19.36 21.86 

R2 0.7379 0.8406 0.8404 0.9221 0.9776 

 

Table 10: Thermodynamic parameters of RR239 dye adsorption 

with Cu-AHS (RR239: 100 mg/L, pH: 7, Cu-AHS: 1.5 g/L, 

time: 60 min) 

Cu-AHS 
ΔH° 

(kJ/mol) 

ΔS° 

(kJ/mol) 

ΔG° (kJ/mol) 

20 °C 30 °C 35 °C 40 °C 45 °C 

RR239 8.4309 33.7236 -1.36 -1.94 -2.00 -2.11 -2.22 

 

performed in the above-mentioned study, it was 

determined that the aluminium content was 25.55% and it 

contained trace amounts of silicon and iron. In this study, 

the aluminium content in AHS was noted as 21.94%, and 

the silicon and iron content was not found. 

The comparison of the isotherm parameters obtained in 

RR239 dye adsorption studies with AHS and Cu-AHS 

adsorbents, as well as various adsorbents reported in the 

literature, is presented in Table 8. When Table 8 is taken 

into consideration, it was determined that RR239 dye 

adsorption with different adsorbents was generally more 

suitable to the Langmuir isotherm. In addition, it is noted 

in Table 8 that the qmax value obtained with Cu-AHS is 

higher than HDMA-zeolite, AAm-AAc hydrogel and 

Corra sawdust adsorbents. 

 

Effect of temperature on adsorption isotherms 

The isotherm parameters calculated at different 

temperatures to evaluate the effect of temperature on 

adsorption isotherms are given in Table 9. The results 

indicate that the Langmuir Isotherm model is more 

appropriate as the R2 value is closer to 1 across all 

temperature values. 

When examining the qmax values calculated in the 

Langmuir isotherm model, it is observed that these values 

also increase with rising temperature. While the qmax value 

increases from 47.39 mg/g to 64.52 mg/g with an increase 

in temperature from 20°C to 30°C, qmax improves to 

74.07 mg/g with an increase in temperature to 40°C. However, 

at 45°C, there is a slight decrease in the qmax value. 

 

Adsorption thermodynamics  

Adsorption thermodynamics were calculated based on 

the RR239 dye removals achieved at various temperatures 

using 0.15 g of Cu-AHS at a concentration of 100 mg/L 

RR239 dye, pH 7. The calculated thermodynamic 

parameters are presented in Table 10. To determine these 

parameters, the Van't Hoff equation graph of 1/T versus  

ln Kd was drawn with the help of formulas in the literature, 

and ∆H° from the equation slope and ∆S° from the 

file:///C:/Users/samsung/Downloads/10.1080/00405000.2022.2124614
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intersection were determined [38]. The positive ∆H° 

(enthalpy change) indicates that the adsorption of Cu-AHS 

and RR239 is endothermic. Positive ΔS° (entropy change) 

shows the increase in the randomness and disorder of the 

adsorbent surface after adsorption, while negative ∆G° 

(free energy change) indicates the spontaneity and 

feasibility of the adsorption process [38]. 

 

CONCLUSIONS 

Green synthesis of Cu-AHS with lavender for the 

treatment of RR239 has been applied in this study and the 

effect of pH, Cu-AHS dosage and initial dye concentration 

on the adsorption process was tested experimentally. It was 

seen that the lowest RR239 uptake was 18.7% at pH 11, 

while it increased as the pH value decreased to 7. It was 

specified that at a dosage of 1.50 g/L Cu-AHS, 95.7% 

RR239 dye uptake was achieved. It was also determined 

that RR239 dye adsorption with Cu-AHS was more 

suitable for pseudo second order kinetics. 

SEM and FT-IR analyses showed that the structure of 

AHS has crystalline properties in a knife-like structure and 

the Cu nanoparticle coated with the green synthesis 

method is heterogeneously located on the AHS surface.  

It was seen that AHS is in the form of aluminium 

hydroxide and the structure of AHS has 9.88±0.56% C, 

63.39±0.63% O, 21.94±0.10% Al, 4.04±0.14% S content, 

whereas Cu-AHS has 0.75±0.01 Cu content by weight. 

The results of BET analysis show that Cu-AHS mostly 

consists of mesoporous structures. For the comparison of 

the RR239 dye uptake capacities of two materials, Cu-AHS 

adsorbent and AHS adsorbent, time-dependent uptake 

studies were conducted at pH 7 and 1.5 g/L AHS 

concentration in the range of 25-175 mg/L RR239 dye 

concentration. It was observed that even though there was 

a great decrease in RR239 dye uptake with Cu-AHS 

adsorbent after 75 mg/L dye concentration, higher RR239 

dye uptake was reached at all RR239 dye concentrations 

with Cu-AHS compared to those acquired with AHS. 

Adsorption isotherms also showed that the dye adsorption 

of AHS and Cu-AHS with RR239 is more suited to the 

Langmuir isotherm since the R2 value is closer to 1. 

Considering that AHS is a waste formed by metal 

precipitation in aluminium galvanising industry, the use of 

AHS as an adsorbent material is of great importance in 

terms of the reusability of the waste. Furthermore, the cost 

of the adsorbent material is a crucial factor influencing the 

overall cost of the adsorption process. By employing 

aluminium hydroxide sludge as a low-cost adsorbent, the 

expenses associated with wastewater treatment through 

adsorption can be reduced. The adoption of the green 

synthesis method, which is the state-of-the-art approach in 

this study, offers an alternative avenue for treating RR239 

present in textile wastewater, eliminating potential 

environmental hazards associated with conventional 

treatment methods. 
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