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ABSTRACT 

 

Tetracycline (TC) is applied in many areas as a broad-spectrum antibiotic. However, TC is hardly 

absorbed by organisms. Most of them released and can increase the resistance of bacteria. In this point of 

view, plenty of TC usage will make much burden to the water environment. Therefore, it requires removal 

from water. 

In this work, the coffee waste (CW) was used as an adsorbent to remove TC from water. The CW 

was modified by depositing a layer of magnetic iron oxide to synthesize magnetic coffee waste (M-CW). 

The characterization of CW and M-CW was performed using a scanning electron microscopy (SEM), 

energy dispersive X-ray spectroscopy (EDS), x-ray diffraction (XRD), thermogravimetric analysis (TGA) 

and Fourier Transform Infrared Spectroscopy (FT-IR). The batch adsorption experiments were conducted 

to investigate the effect of pH, adsorbent dosage, TC concentration, and time on adsorption. Furthermore, 

the mechanism of adsorption was studied by kinetics (zero-order, pseudo-first order, pseudo-second order, 

Elovich, and intra-particle diffusion) and isotherms (Langmuir, Freundlich, Temkin, and Dubinin-

Radushkevich). Also, the response surface methodology (RSM) was employed to model and optimize the 

combined effect of factors on TC removal using M-CW. The empirical model was developed, statistically 

established through analysis of variance (ANOVA), and experimentally verified to represent adsorption of 

TC on M-CW. The model was adopted to identify optimum removal conditions to remove TC from water. 

The characterization work shows that iron oxide (35 w/w %) was successfully deposited on M-CW. 

The batch experiments showed that the TC is removed best at weak acidic to neutral conditions (pH: 5-7). 

M-CW dosage at 0.25g/L, the TC adsorption capacity up to 127mg/g. After 56hours, the adsorption process 

reaches equilibrium. The experiment data fitted Pseudo-second order, Elovich, and the Langmuir model 

well.  The theoretical maximum TC uptake capacity can be up to 102 mg/g, as calculated using the 

Langmuir model.  It was observed that over 95% TC can be removed by M-CW at optimized conditions 

using RSM.  This study may facilitate further investigations into the application of using waste material to 

remove micropollutants from water. 

 Keywords: Tetracycline antibiotic; adsorption; coffee waste; equilibrium; kinetics. 
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1. INTRODUCTION 

 

1.1 Background  

The antibiotic is extensively used in human and animal health treatment [1]. Among the antibiotic 

species, the tetracycline (TC) as a broad-spectrum antibiotic is applied in many areas [2]. It is useful in 

human therapy and veterinary because of its good effect on microbial infection [3]. Besides, the low price 

of TC interested itself to be one of the most popular antibiotics in application [4]. However, the large 

quantity of utilization of TC caused the problem to the environment, especially in aquatic conditions. After 

usage, the TC can enter the water environment through urine, feces, and manure from humans and animals 

[2, 3]. The fate and transport of TC is shown in Fig. 1.1 (antibiotics) [5]. Moreover, TC can hardly be 

biodegraded, and the residual TC might increase the antibiotic resistance of bacteria, thereby making an 

overall negative impact on both ecology and human health [6]. Hence, water pollution caused by TC is 

getting more concerns nowadays. 

 

 

Figure 1.1: Migration of antibiotics. 
There are many approaches for the removal of TC from the aquatic environment [2]. For example, 

membrane process [7], electrochemical process [8], photocatalytic process [9], and the adsorption process 

[10], etc.  Among these methods, the adsorption process exhibits the advantage such as relatively low cost 

and high removal efficiency [3, 10]. Besides, the adsorption process is preferred because of its easy 

operation and virtually no secondary pollution [11, 12].  Many researchers have used various adsorbents to 
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remove TC.  Activated carbon [13-15], different kinds of biochar [10, 12, 16], agricultural waste [11, 17], 

and other materials [3, 18] were used to eliminate TC in the environment. Among them, adsorbent made 

from agricultural or industrial waste gain much interest in recent years.  

Coffee is one of the most popular drinks in the world. According to the international coffee 

organization (ICO), the estimated coffee consumption was over 10 million tons (169, 337,000 bags of 60 

kg each) [19]. It indicates that there will produce plenty of coffee waste after coffee extraction all over the 

world. It was reported 1 ton of green coffee will produce about 650 kg of spent coffee ground [20, 21]. 

Although coffee waste is utilized in many areas, a lot of it is discarded as waste [11]. The coffee waste can 

be used as a resource to adsorb micropollutants, such as TC, from water   [22]. Yingjie Dai et al. used two 

different kinds of spent coffee grounds to eliminate the TC form water [11]. And Van-Truc Nguyen et al. 

utilized biochar derived from spent coffee ground to remove TC [16].  

Once the adsorbent is successfully used to remove the targeted contaminant from water, its recovery 

from the aqueous system is usually an energy-intensive and economically burdensome problem. This issue 

can be addressed by modifying the surface of adsorbents using magnetic materials [23, 24]. The magnetic 

modification can be easily operated through co-precipitation. After that, the adsorbent will be separated by 

the external magnetic field[25]. Therefore, the magnetic modification method has been extensively used in 

many areas including pollutants removal from water [26]. However, there is no study about using modified 

magnetic coffee waste to remove TC in wastewater reported before.  

As the water pollution caused by antibiotics such as TC is getting more concerns nowadays, 

economically feasible removal technologies and strategies to clean water are highly desirable. This study 

is to repurpose and valorize the huge coffee waste to remove TC in water. Thus, the objectives of this study 

are: (1) to prepare and characterize magnetic coffee waste(M-CW) adsorbent, (2) to investigate the 

adsorption behavior of TC on the M-CW as a function of pH, M-CW dosage, TC concentration and time 

(3) to estimate adsorption mechanism by performing adsorption kinetics and equilibrium study. Also, a 

response surface methodology (RSM) was employed to comprehend the effect of the individual and 

combined effect of parameters on the adsorption removal process. The whole work is briefly depicted in 

Fig 1.2. 



3 
 

 

 
Figure 1.2: Graphic introduction of the overall study (a) and a brief flow of the whole study (b). 

1.2 Objectives  

The main purpose of this study is to remove the tetracycline efficiently and economically from the 

aqueous environment. Among the other approaches, the adsorption method has already presented a 

relatively good performance and low cost. There is a lot of research on activated carbon prepared from 

agricultural waste[17]. These activated carbons performed well in several kinds of pollutant adsorption. 

However, the process also increases the cost. There still need other ways to make low-cost adsorbent. Thus, 

this research focuses on the economic process to make the adsorbent to remove the tetracycline. This study 

makes the adsorbent from the spent coffee ground which considered as waste with easy and low-cost 

modification method. The adsorption mechanism is studied through kinetic and isotherm research. 

Furthermore, the optimization method is utilized to get the optimum adsorption condition.  



4 
 

The main objective of this thesis research is an attempt to develop an economic, good adsorption 

performance and easily separable adsorbent by using a magnetic modification method then investigate the 

TC removal efficiency capacities. For this purpose, here conclude three main parts: 

1) To make an inexpensive adsorbent and test its adsorption removal capacity. 

(1) Developing a suitable method to get the target adsorbent from agriculture waste. 

(2) Characterizing adsorbent using tools such as FT-IR (Fourier Transform Infrared 

Spectroscopy), SEM (Scanning electron microscope), EDS (Energy-dispersive X-ray 

spectroscopy), XRD (X-ray diffraction), TGA (Thermogravimetric Analysis) method. 

2) To study the main factors that affect the adsorption process and the mechanism of adsorption.  

(1) Performing adsorption experiments. 

(2) Kinetics and isotherms studies will be carried out for the adsorption study. 

3) To find the optimum adsorption conditions by response surface methodology. 

1.3 Thesis Outline and Organization  

This thesis completed through a specified template and requirements for a master’s degree in 

Environmental Engineering from the School of Civil and Environmental Engineering at the University of 

Ulsan, Republic of Korea.  

Chapter 2 is mainly focused on the literature review of TC removal by the adsorption process. The 

adsorption process is reviewed in general. The adsorption removal of TC using various adsorbents, in recent 

years, are evaluated in detail.   

Chapter 3 describes materials and methods. This part contains the material synthesis method and its 

characteristic detection (SEM, EDS, FT-IR, TGA, XRD, and point of zero charges). It also includes the 

batch experiment and optimization of the adsorption process. Moreover, the mechanism study and their 

theoretical models are introduced in this chapter.  

Chapter 4 is the results and discussion. In this chapter, the synthesized materials and their 

characterization are discussed with respect to literature. The adsorption of TC on M-CW is analyzed and 

discussed with reference to established literature. The effects of parameters on adsorption are investigated 

and modeled. The adsorption mechanism is proposed and the optimum conditions for the adsorption 

removal of TC from water are assessed.  
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2. TETRACYCLINE ADSORPTION REMOVAL BY DIFFERENT ADSORBENT USING 

ADSORPTION METHOD 

 

TC is a widely used antibiotic and makes burdens on the environment especially in aquatic 

conditions. Many researchers tried different treatment methods to eliminate TC from the aquatic systems. 

Among different kinds of treatments, adsorption is preferred because of its easy operation and low 

probability of generating secondary pollutants. In adsorption, the selection of adsorbent is critically 

important. The type of adsorbent exhibit different pore size, surface area, and surface chemistry and other 

factors that can affect the adsorption removal efficiency, adsorption mechanism, and the cost of the whole 

process. The sludges, activated carbons, soils and clays, chitosan, nanotubes, and composites are commonly 

used adsorbent in the TC adsorption process [27]. 

2.1 Sludges 

The massively produced sludges from wastewater treatment plants usually considered industrial 

waste. However, proper treatment and application can make sludges to be useful material. Groundwater 

treatment sludge recycled to be a magnetic adsorbent by a one-step hydrothermal method with NaOH 

solution [28, 29]. The ferrihydrite-rich groundwater treatment sludge reused through the hydrothermal 

method by adding Na2S for preparing nano-rod erdite particles applied in TC adsorption [30]. The sewage 

sludge was used to prepare iron-loaded biochar by one-step modification hydrothermal method and through 

this method, the new adsorbent enhances its surface functional groups and surface area which is helpful in 

TC removal [31]. Aerobic granular sludge biochar was modified by ZnCl2 to produce more effective 

adsorbent in TC removal [32]. 

pH, as the most important factor, the effect in adsorption was analyzed in these studies. The change 

of main TC speciation in different pH conditions combined with adsorbent`s point of zero charges, the 

optimum pH value was varying from the different adsorbent. Normally, the removal efficiency of TC is 

higher in acidic conditions than basic conditions. It means most of TC in cationic and zwitterionic form 

was removed by these sludge derived adsorbents[28, 30].  

The kinetics and isotherms were also done for the mechanism of adsorption. Most of these studies 

fitted well with Pseudo-second order and Langmuir isotherms[31]. It indicates chemisorption will be 

dominant. integrating with the pH effect, the existed adsorption mechanism can be concluded by hydrogen 

bonding interactions, π-πelectron donor-acceptor (π -πEDA) interactions, complexation, cationic 

exchange, and electrostatic interaction [29, 31, 32].  
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2.2 Activated Carbons 

Activated carbon has a strong adsorption affinity than other adsorbents [33]. And the activated 

carbon derived from agriculture waste gets more focused nowadays. Sugar cane bagasse modified with 

ZnCl2 activated carbon-based adsorbent exhibit 239.6mg/g TC adsorption capacity [33]. Durian shell-based 

activated carbon was prepared by a physical activation method with CO2 as an activating agent [34]. 

Through one-step phosphoric acid low-temperature activation, corn straw turns to activated carbon to 

remove TC, the TC uptake capacity reaches 227.3mg/g [35]. Apricot nutshell activated carbon synthesized 

by using the phosphoric acid chemical activation method [36]. 

The dosage of adsorbents affects adsorption performance. Because higher dosage can provide more 

active sites for TC molecule, the removal efficiency significantly increased with the increase of adsorbent 

dosage at the beginning, then slowly increased and finally remain in a relatively constant value. And the 

TC uptake capacity was still decreased with the increase of dosage.  This phenomenon happened with the 

overlapping of adsorbent then decrease the adsorption efficiency of the active site [35]. 

Scientific characterization was conducted to get a clearer understanding of these synthesized 

adsorbents. This characterization involved adsorbent morphology, surface area, pore size, surface function 

group, and other information. After activation, the surface of activated carbon was significantly damaged 

and show lots of cavities by SEM image [36]. Through the surface functional group of activated carbon 

analysis, there exist OH, COOH, C-O, C=C, and C=O stretching vibration [33, 35, 37]. And these findings 

can be used in adsorption mechanism explanation like hydrogen bonding and π-πEDA interaction 

happened between the adsorbent surface and TC molecules. The OH and CH3 in TC molecular can be a H 

acceptor interacted with oxygen-containing function groups in activated carbon [36]. TC and these 

adsorbents both have an aromatic ring containing πbonds can be proof of π -πEDA interaction 

mechanism [33]. the Activated carbon is reported to have variable surface area depending upon source 

material and activation processes such as  307.6m2/g [36], 463.89m2/g [35], and 831m2/g [33]. The high 

surface area corresponds to a higher number of active sites to remove TC.  

Besides kinetics and isotherms, the thermodynamic study also takes a role in these adsorption 

processes. Under different temperatures, the TC adoption performance changed, and the calculated value 

of △G, △H, and △S provide adsorption behavior. It is found that the adsorption is endothermic and 

spontaneous in some adsorption process [35-37]. 

2.3 Soils and Clays 

The soil samples with different types, 63 agricultural plots from Spain and lateritic soil, paddy soil, 

purplish soil, cultivated loessal soil, cinnamon soil, and black soil from a different province in China, were 
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collected to check the TC removal efficiency [38, 39]. It is reported that soil organic matter is the main 

factor in TC removal. where abundant soil component, the removal efficiency of TC was much higher than 

those low organic matter content soil [40].  And the pH of soil and cation exchange capacity also take an 

important role in TC adsorption on soils [39]. 

Montmorillonite and red earth clay combined with municipal solid waste was used to make biochar 

in the TC adsorption process [41]. Spent bleaching earth and its pyrolyzed materials used to treat TC in 

aqueous conditions [42]. They analyzed the effect of coexisting cations in TC removal. It is found that the 

different affinity of adsorbents, make the cations exhibit different strength competitive influence in TC 

adsorption process [42]. 

2.4 Chitosan 

Chitosan is considered as a natural polymer. It contains a lot of functional groups and can be 

combined with different materials to synthesis new adsorbent [43, 44]. A waste sludge-based biochar was 

modified by chitosan and Fe/S to remove TC, and this modification helped the wasted sludge-based biochar 

improve the TC uptake capacity from 51.78mg/g to 183.01mg/g [43]. Chitosan was incorporated with 

metal-organic frameworks(MOFs) to adsorb TC and this operation not only improve the performance of 

TC adsorption but also help MOFs shape into beads [45]. The chitosan-olive pomace adsorbing films was 

made to remove TC and analyzed the reuse of adsorbent [46]. 

It is reported that the removal of TC is negatively affected by the presence of salts in solution. The 

monovalent and divalent cation effect was studied. The co-existing cations can hinder the electrostatic 

interaction between adsorbent and TC by competing with TC molecules with the surface-active site of 

adsorbent [45]. Furthermore, the monovalent cations may affect the adsorption performance through 

enhance screen effect of adsorbent surface charges to reduce the affinity and the divalent cation may form 

a cation-TC complex to inhibit the interaction of adsorbent and TC [46]. 

2.5 Carbon Nanotubes 

According to the high specific surface area,  hollow, and layered structures, the carbon nanotubes 

have been considered as potential superior adsorbents [47, 48]. A multi-walled carbon nanotube deposited 

iron metal-organic framework composite was used to remove TC and the characterization work shows this 

kind of combination enhances the specific surface area, pore-volume, and thermal stability of the new 

adsorbent [49]. Heteroatom nitrogen-doped multiwall carbon nanotube was synthesized to treat TC in 

solution [48]. The alumina-coated multi-walled carbon nanotube was made for TC adsorption [47]. 

The initial concentration of TC can affect the adsorption behavior. The high concentration provides 

the driving forces and lets TC molecules move to the adsorption site which can be helpful in TC uptake 
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capacity improvement [50]. However, the removal percentage may decrease with the increase of initial 

concentration. The same dosage adsorbent can be saturated after a certain amount of TC molecules, and 

then no more adsorption can occur [47]. 

2.6 Composites 

A different variety of composites were used as adsorbent. The TC-imprinted composite cryogel 

was made for selective TC adsorption [51]. The different ratios of oil palm ash and electric arc furnace steel 

slag were used to make mesoporous zeolite-hydroxyapatite-activated palm ash composites to adsorb TC 

[50]. The magnetic carbon-αFe/Fe3C adsorbent was synthesized by the carbonization method and this 

method significantly improve the specific surface area and pore volume then highly increase the adsorption 

capacity of TC in aqueous condition [52].  

The removal efficiency of TC by different materials was concluded by the following table 2-1 
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Table 2-1: removal efficiency of  TC by different materials. 

Materials Treatment TC Removal 

efficiency (%) 

/ capacity (mg/g) 

references 

Groundwater treatment 

sludge 

a one-step hydrothermal 

method with NaOH solution 

362.3 mg/g [28] 

groundwater treatment sludge hydrothermal method by 

adding Na2S 

1960.8 mg/g [30] 

Sewage sludge one-step modification 

hydrothermal method 

104.86 mg/g [31] 

Aerobic granular sludge ZnCl2 modification method 93.44 mg/g [32] 

Sugar cane bagasse activation method with ZnCl2 239.6 mg/g [33] 

Durian shell physical activation method 

with CO2 

126.08 mg/g [34] 

Corn straw one-step phosphoric acid low-

temperature activation method 

227.3 mg/g [35] 

Apricot nutshell phosphoric acid chemical 

activation method 

308.33 mg/g [36] 

Soil from Spain - >58% [38] 

Spent bleaching earth pyrolysis process 85.4% [42] 

Waste sludge-based biochar modified by chitosan and Fe/S 183.01 mg/g [43] 

Metal-organic frameworks 

(MOFs) 

incorporated with chitosan 495.04 mg/g [45] 

Multi-walled carbon 

nanotube 

alumina-coating method 876.8 mg/g [47] 

Magnetic carbon-αFe/Fe3C carbonization method 511.06 mg/g [52] 
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3. MATERIALS AND METHODS 

3.1 Materials and reagents 

  TC (≥ 98%) used as a target pollutant was purchased from Sigma-Aldrich, MO., USA. Ferric 

chloride hexahydrate (FeCl3.6H20) (≥ 98%) and ferrous sulfate (FeSO4.7H2O) (≥ 98.5%) were acquired 

from Sigma-Aldrich, MO., USA and Junsei Chemical Co., Ltd., Japan, respectively. Sodium Hydroxide 

(NaOH) (≥ 98%) and sodium chloride (NaCl) (≥ 99.5%) were purchased from OCI Company Ltd., South 

Korea. Hydrochloride acid (HCl) (≥36%) was supplied by Daejung Chemicals & Metals Co., Ltd., South 

Korea. Distilled deionized water was used in all experiments.  

3.2 Synthesis of M-CW   

The CW was collected from a coffee shop near Ulsan University, Ulsan, Korea. It was washed with 

distilled water several times, then dried in an oven at 80℃ for 24 hours. The dried CW was stored in a 

sealed container for later use. 

The M-CW was synthesized as follows: (1) 5g CW was added to 50ml distilled water. (2) 5 g 

FeCl3.6H2O and 2.75 g FeSO4.7H2O were put into 150ml distilled water to make the iron solution. (3)  

After thoroughly dissolved, the iron solution was put into CW suspension and mixed 30 minutes using 

magnetic stirrer [53, 54]. In this period, 5M NaOH was made for making iron precipitation. (4) After mixing, 

the suspension was added 5M NaOH dropwise until the pH of supernatant reach 11. (5) The suspension 

was then heated at 95℃ using hotplate stirrer (MSH-20D) for 1 hour and cooled to room temperature before 

filtering. (6) The precipitation was washed by distilled water several times until the pH of supernatant 

remained constant. (7) And the material was dried at 80℃ in the oven for 24hours. Finally, the synthesized 

M-CW material was stored in a sealed container for later use. A brief synthesis procedure of M-CW was 

depicted in Fig. 3.1. 

 

Figure 3.1: M-CW synthesis procedure 
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3.3 Physio-chemical characterization of CW and M-CW materials 

The characterization was performed using tools like FT-IR, SEM, EDS, XRD, TGA method. Field 

Emission Scanning electron microscope (FE-SEM) JSM-6500 was from JEOL, Japan. It was operated at 

15kV for the morphology study of the CW and M-CW. Energy dispersive X-ray spectroscopy (EDS) 

associated with the FE-SEM machine was used to determine the elemental composition of two materials. 

The material function group analysis was carried by Fourier Transform Infrared Spectroscopy (FT-IR) 

Nicolet iS5 from Thermo Fisher Scientific, USA. Differential Scanning Calorimeter-Thermogravimetric 

analyzer (DSC-TGA) SDT Q600 was from TA, USA. This one was used to do the weight loss analysis in 

the air conditioner by the increasing temperature at 5℃/min rate until 600℃. X-Ray Diffractometer (XRD) 

Ultima Ⅳ from Rigaku, Japan conducted the materials crystal structural analysis.  

The point of zero charge (pHpzc) was determined [14, 55, 56] by the following steps. (1) 0.01M NaCl 

solution was made and divided into 9 different flasks. (2) The pH was adjusted by 1M and 0.1M NaOH and 

1M and 0.1M HCl from 2 to 10. (3) 20mL of adjusted NaCl solutions were taken and put into several 20ml 

glass bottle with 0.02g materials (CW and M-CW) respectively. (4) After two days of mixing, the final pH 

was detected. The difference between the initial pH and the final pH was monitored. Change in pH (△pH) 

provided the estimate of isoelectric point (pHpzc) of the samples.  

3.4 Batch adsorption experiments 

Batch adsorption experiments were conducted to investigate the removal efficiency of TC by M-

CW. The stock solution of 500 mg/L TC was made for the following experiments. 1M and 0.1M NaOH 

and HCl were used for adjusting the pH of solutions. And different factors (pH, M-CW dosage, time) were 

selected for the adsorption experiment. In adsorption experiments, the TC solution pH ranged from 2-11, 

the adsorbent dosage from 0.25g/L - 2g/L, and adsorption time from 1-120 hours. For the pH effect 

experiment, the pH 2,5,7,9 and 11 were selected and the experiment time set as 25hours. It was conducted 

at 150rpm incubator shaker (iNtRON Biotechnology, Korea) with the initial concentration of TC at 

100mg/L, M-CW dosage at 1g/L, and temperature at 25℃. This study also conducts the effect of dosage in 

the adsorption process. The M-CW dosage selected 0.25,0.75,1,1.25,1.5,1.75,2g/L, TC initial concentration 

100mg/L, pH 5, temperature 25℃, agitation 150rpm and time 56hours. 

The TC concentration was analyzed by DR 2800 Spectrophotometers (HACH, USA). The detection 

wavelength was selected as 355nm [16]. The calibration curve was made against the different 

concentrations of TC and the correlation coefficient R2>0.99. 

The TC removal efficiency (R%) was calculated through the following Eq. (1). 

 

 𝑅% =
( )

× 100 (1) 
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C0(mg/L) is the initial concentration of TC and Ce(mg/L) is the concentration of TC when the 

adsorption reaches equilibrium. 

3.5 Adsorption mechanism: kinetic and isotherms  

The adsorption kinetics and isotherms of TC on the M-CW were performed at constant temperature 

and pressure. The stock solution of TC was diluted to 100 mg/L and pH 5 was adjusted using 1M HCl and 

1M NaOH for kinetics and isotherm study. The adsorption experiment was carried at 25℃, 150rpm 

incubator shaker. The different time 1,4,8,24,32,44,48,56,72,96,120 hours were selected, and the dosage of 

M-CW is constant at 1.5g/L for doing adsorption kinetics. The dosages of M-CW were 

0.75,1,1.25,1.5,1.75,2g/L and 56 hours were used for equilibrium study. The TC uptake capacity on M-CW 

was calculated by Eq. (2). and Eq. (3). 

 

 𝑞 =
( )

 (2) 

 

 𝑞 =
( )

 (3) 

 

qe(mg/g) represents the adsorption capacity at equilibrium condition, qt(mg/g) represent the 

adsorption capacity at any time of t, Ct(mg/L) is the concentration of TC at any time of t in the solution, 

V(L) is the volume of solution and m(g) is the dosage of the adsorbent.  

The adsorption kinetics data was evaluated using zero-order, pseudo-first-order, pseudo-second-

order, Elovich, and Intra-particle diffusion models [57]. Here concluded their non-linear and linear form 

equations.  

The zero-order. 

 

 𝑞 = 𝑞 − 𝑘 𝑡 (3.4) 

 

Where k0 (mg/(g•h)) is the zero-order kinetic model constant 

The Pseudo-first order 

 

 𝑞 = 𝑞 (1 − exp(𝑘 𝑡)) (3.5) 

 

 log (𝑞 −  𝑞 ) = log 𝑞 − (
.

)𝑡 (3.6) 
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k1 (h-1) is the constant of Pseudo-first order 

The Pseudo-second order  

 

 𝑞 =  
  

   
 (3.7) 

 

 = + 𝑡 (3.8) 

 

Where k2 (g/(mg•h)) is the Pseudo-second order rate constant 

The Elovich 

 

 𝑞 = 𝛽 ln(𝛼𝛽𝑡) (3.9) 

 

 𝑞 = 𝛽 ln(𝛼𝛽) + 𝛽𝑙𝑛𝑡 (3.10) 

 

Where α ((mg/(g•h)) is the initial adsorption rate and β (g/mg) is the desorption constant. 

The intraparticle diffusion 

 𝑞 = 𝐾 𝑡  (3.11) 

 

𝐾  (mg/ (g• h0.5)) is the intraparticle diffusion rate constant 

The Langmuir, Freundlich, Temkin, and Dubinin–Radushkevich (D–R) isotherm model [58, 59] 

were selected to model the adsorption data. Their non-linear and linear form equation are given below: 

The Langmuir isotherm equation 

 

 𝑞 =
 

 (3.12) 

 

 = +  (3.13) 

 

There is another parameter RL in Langmuir isotherm called separation factor used to determine the 

type of isotherm [60]. Normally, RL=0 indicates irreversible adsorption, 0<RL<1 means favorable, RL=1 is 

linear and RL>1demonstrate unfavorable. The RL calculated by Eq. (3.14) 

 

 𝑅 =  (3.14) 
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Where, Ce (mg/L) is the TC adsorption equilibrium concentration, Qmax (mg/g) is the maximum TC 

uptake capacity on monolayer, KL (mg/g) is the Langmuir isotherm constant and RL is the dimensionless 

separation factor. 

The Freundlich isotherm 

 

 𝑞 = 𝐾 𝐶  (3.15) 

 

 𝑙𝑜𝑔 𝑞  = 𝑙𝑜𝑔 𝐾 + 𝑙𝑜𝑔 𝐶  (3.16) 

 

Where KF ((mg/g) •(L/mg)1/n) is the Freundlich isotherm constant and n is adsorption intensity. The 

1/n can be an indicator in this isotherm. When 1/n<1 means a normal Langmuir isotherm and if 1/n>1 

indicates cooperative adsorption [60]. 

 The Temkin isotherm 

 

 𝑞 = ln(𝐴𝐶 ) (3.17) 

 𝑞 = 𝑙𝑛𝐴 + 𝑙𝑛𝐶  (3.18) 

 

Where A (L/g) is the Temkin isotherm equilibrium binding constant, b is the Temkin isotherm 

constant, R (8.314 J/mol•K) is the universal gas constant and T (K) is the temperature. There is a constant 

related to the heat of sorption B in Temkin isotherm. Its unit is J/mol and the equation like the following. 

 

 𝐵 =  (3.19) 

 

The Dubinin-Radushkevich isotherm 

 

 𝑞 = (𝑞 ) exp(−𝐾 Ԑ ) (3.20) 

 

 𝑞 = (𝑞 ) exp(−𝐾 Ԑ ) (3.21) 

 

Where 
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 Ԑ = 𝑅𝑇 ln 1 +  (3.22) 

 

Where qs (mg/g) is theoretical isotherm saturation capacity, KDR (mol2/KJ2) is the Dubinin-

Radushkevich isotherm constant and Ԑ is the Dubinin–Radushkevich isotherm constant. With the value of 

KDR, it can calculate the mean free energy E (kJ/mol) which can indicate whether the process is 

chemisorption or physisorption[61]. The Eq. (3.23) shows the relationship of KDR and E. when the value of 

E range from 8-16 KJ/mol indicates chemisorption and below to 8 means physisorption [62]. 

 

 𝐸 =  (3.23) 

 

The best-fitted model was selected through R2 which indicates the model fitting degree and root 

mean sum-of-squares error (RMSE) determination test. the small RMSE value means the similarity of 

experimental and calculated values [58, 63]. The RMSE equation like followings 

 

 𝑅𝑀𝑆𝐸 =
∑ ( , , )

 (3.24) 

Where, 𝑞 ,  (mg/ g) is the experimental sorption capacity, 𝑞 ,  (mg/g) is the model calculated 

(predicted) sorption capacity and N is the number of experimental points. 

3.6 Optimization study 

Generally, a one-factor-at-a-time (OFAT) parametric study is often conducted in research work 

[64]. This kind of study can sufficiently describe the adsorption mechanism. However, the OFAT method 

cannot account for the interactions between different parameters. Thus, it is necessary to use an optimization 

method to conduct a more comprehensive research. 

RSM was selected to design an experiment for optimization in this study. As a statistical method, 

RSM can provide a more efficient and economic experimental design. Furthermore, it can be used in the 

study of the interaction of experimental factors [18]. There are several experimental design methods in 

RSM. Among them, the central composite design method (CCD) was taken to obtain the experimental 

design matrix. Many researchers used CCD for their experimental design [65, 66]. Four independent 

variables were chosen in this study. They are pH (A), TC initial concentration mg/L (B), M-CW dosage 

g/L (C) and contact time h (D). Each of them has five levels and detailed information was concluded in 

Table 3-1. 
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Table 3-1: Experimental factors and their levels for the removal of tetracycline using M-CW. 

 Factors Units Levels 

   −α -1 0 1 ₊α 

A pH - 3 5 7 9 11 

B Tetracycline mg/L 10 33 55 77 100 

C M-CW g/L 0 1.25 2.5 3.75 5 

D Time h 2 3.5 5 6.5 8 

 

TC adsorption removal efficiency was used to be the response of this adsorption study and Analysis 

of Variance (ANOVA) conducted to judge the statistical significance of the model. 
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4. RESULTS AND DISCUSSION 

 

4.1 Synthesis of M-CW  

The M-CW synthesis method is following simply modified chemical precipitation [53]. The 

FeCl3.6H2O and FeSO4.7H2O solution provide nearly 1:2 M ratio of Fe2+ and Fe3+ ions[54]. At the presence 

of precipitating agent NaOH solution, the material experience following steps. 

 

 𝐹𝑒𝐶𝑙 → 𝐹𝑒 + 3𝐶𝑙  (4.1) 

 

 𝐹𝑒𝑆𝑂 → 𝐹𝑒 + 𝑆𝑂  (4.2) 

 

 2𝐹𝑒 + 𝐹𝑒 + 8𝑂𝐻 → 𝐹𝑒 𝑂 + 4𝐻 𝑂 (4.3) 

 

Fig. 4.1 shows the phenomena before and after magnetic separation works on the M-CW. It 

indicates the M-CW can be easily separated by a magnetic bar. And the modification results whether Fe3O4 

coated on M-CW or not will get through the characterization works. 

 

 

Figure 4.1: M-CW before and after magnetic separation 
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4.2 Characterization  

4.2.1 Surface morphology analysis of M-CW  

The high-magnification SEM image about CW and M-CW was depicted in Fig.4.2. It shows the 

difference between CW and M-CW surfaces clearly. Comparing with the smooth surface of CW, M-CW 

has a much rougher surface.  

 

Figure 4.2: SEM micrograph of CW(a) and M-CW(b) EDS spectrum of CW(c) and M-CW(d) 

This difference can be explained by the EDS analysis. Carbon and oxygen are the main constituents 

of CW. However, the main composition is changed to carbon, oxygen, and iron in M-CW. The element 

content in CW and M-CW concluded in Table 4-1.  
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Table 4-1: Element content analysis by EDS for M-CW and CW 

M-CW CW 

Element Weight% Atomic% Element Weight% Atomic% 

C 43.50 57.23 C 74.91 79.97 

O 38.00 37.54 O 24.91 19.96 

Fe 18.50 5.24 Mg 0.05 0.03 

- - - K 0.07 0.02 

- - - Ca 0.06 0.02 

Totals 100.00  Totals 100.00  

This observation can tell the successful deposition of iron oxides on M-CW. The deposition of iron 

oxides makes the M-CW surface rougher than CW. Similar surface roughness is observed by other 

researchers [23, 53]. The rough surface is helpful in the adsorption process because it may enhance the 

specific surface area. 

4.2.2 The FT-IR analysis of M-CW 

FT-IR can tell the function groups existed in the surface area of the material. In order to get further 

confirmation of iron oxides existence in M-CW, FT-IR analysis was done, and the result shown in Fig. 4.3. 

There can be found characteristic peaks at 1060 cm-1 both CW and M-CW which originated from C-O-C 

stretching caused by chlorogenic acids existed in coffee [53]. The peaks appear at 1740 cm-1, are caused by 

C=O stretching and at 2920 cm-1 peaks is attributed to C-H stretching existed in cellulose [16, 53]. The 

2850 cm-1 and 3320 cm-1  are ascribed COOH stretching and O-H stretching [67]. Upon iron treatment, the 

new stretch at 558 cm-1 appeared in M-CW compared with CW. The new peaks can be assigned to the 

presence of Fe-O stretching vibration [67, 68]. This finding can be strong proof about the iron oxides 

successfully coated on the surface of M-CW.  
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Figure 4.3: FT-IR spectra of CW and M-CW 

4.2.3 Thermogravimetric analysis of CW and M-CW 

The thermogravimetric analyses of CW and M-CW were shown in Fig. 4.4. It reflects the 

thermal stability of two materials and with comparison can roughly show the content of iron oxides coated 

in M-CW. The mass was slightly decreased before 250℃, it can be the reason for some moisture 

volatilization in both materials. And then the mass was sharply decreased until maintain to constant. This 

means materials keep stable in the third stage. Finally, the CW loss of 96.53% of the mass and M-CW loss 

of 60.93% of the mass. With a combination of the results getting from SEM-EDS and FT-IR analysis, the 

35% mass loss difference between CW and M-CW mainly caused by the existence of iron oxides deposited 

in M-CW.  

 

Figure 4.4:  Thermogravimetric analysis of CW and M-CW 

 

0 100 200 300 400 500 600
0

20

40

60

80

100

W
ei

gh
t 

(%
)

Temperature (℃)

 M-CW
 CW

96.53%

60.93%



21 
 

4.2.4 XRD results of CW and M-CW 

To understand the speciation of iron oxides existed in M-CW, XRD analysis was conducted. The 

XRD pattern of CW and M-CW were depicted in Fig.4.5. There are two broad peaks in 16.22° and 20.06° 

at CW which indicates the presence of lignocellulose structure [69]. The sharp and intense peaks appearing 

at 30.25°, 35.56°, 43.33°, 57.22°, and 62.84° at 2 Theta value in M-CW. This indicates the presence of 

Fe3O4 in the surface of coffee waste without altering their crystal structure [53, 67, 70, 71] 

 

Figure 4.5:  XRD pattern of CW and M-CW 

4.2.5 Point of zero charge (pHpzc) of CW and M-CW 

pH takes an important role in the adsorption process. In this view of point, the pHpzc of adsorbent 

gives important information in the whole adsorption work. It provides a different surface charge of 

adsorbent in different pH value solution. The pHpzc of two materials (CW and M-CW) were shown in Fig.4.6. 

The pHpzc about CW is 4.8 and M-CW is 4.4. It indicates the pH of solution lower than 4.4, the surface 

charge of M-CW will be positive and on the contrary pH > 4.4, the surface of M-CW turns to negatively 

charged. 

 

Figure 4.6: pHpzc of CW and M-CW 
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4.3 pH and dosage effect on adsorption   

4.3.1 pH effect on adsorption 

TC have stayed in different ionic species in different pH value [16, 72]. More detailed information 

about TC can be seen in Table 4-2 [11]. Since pH can change the surface charge of the adsorbent. According 

to the change of material surface charge at different pH values, it can affect the electrostatic adsorption 

between adsorbate and adsorbent [11].  

Table 4-2: TC detailed information 

The effect of pH on TC removed by M-CW is shown in Fig. 4.7. It shows in the low pH value, the 

removal of TC is around 40%. It can be explained that in low pH values like pH equal to 2 the most 

speciation of TC is the cationic form (TCH3
+) and the M-CW surface is positively charged [3]. Because of 

electrostatic repulsion, the removal efficiency of TC might be not high. This can also explain the high pH 

value. pH >4.4 the surface charge of M-CW is negative, and when the pH > 7.7 most of TC exists in anion 

form (TCH- or TC2-) [17]. In this case, electrostatic repulsion makes resistance between adsorbate and 

adsorbent. However the removal of TC still exists, it is may cause by the intermolecular π-π interactions or 

hydrogen bonding between TC molecule and M-CW surface [3, 14]. When the solution pH between 4.4 

and 7.7 M-CW exhibits pretty good TC removal performance. The reason is M-CW stay in negative charged 

and most of TC remain in zwitterionic condition in this pH range. With the Fig. 4.7 it can be concluded the 

TC removed better in the weak acidic environment.  

CAS: 60-54-8 

Chemical 

structure 

 

Chemical formula C22H24N2O8•xH2O 

Molar mass 444.43 g/mol 

pKa1 3.3 

pKa2 7.7 

pKa3 9.7 
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Figure 4.7：pH effect in the adsorption process. experiment condition: TC initial concentration 
100mg/L, M-CW dosage 1g/L, pH 2-11, temperature 25℃, time 25 h, agitation 150rpm 

4.3.2 Dosage effect on adsorption 

To understand the effect of adsorbent dosage in the adsorption process, different dosages of M-CW 

were prepared to adsorb 100mg/L TC solution and the process was described by Fig. 4.8. The TC uptake 

capacity was different from 43-127 mg/g with the difference of M-CW dosages. The removal efficiency 

increased sharply with the increase of adsorbent dose up to 1g/L then slowly increased. In a constant TC 

concentration(100ppm), the increase of the M-CW dosage provides more active sites for adsorption. 

However, too much increase of adsorbent is not increasing the removal efficiency significantly. This can be 

explained by adsorbent overlapping of the active sites [67]. 

 

Figure 4.8: Dosage effect on adsorption. experiment condition: TC initial concentration 100mg/L, M-
CW dosage 0.25-2g/L, pH 5, temperature 25℃, time 56 h, agitation 150rpm 
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4.4 Adsorption kinetics 

The adsorption process experiences mass transfer, diffusion(external and pore diffusion), and 

surface reaction [63, 73]. Each one can provide resistance to influence the rate of getting adsorption 

equilibrium. Adsorption kinetics study is useful to find out the equilibrium time, TC uptake rate-limiting 

factors, and provide the main resistance existed in the adsorption process. Fig. 4.9 depicts the kinetic plot 

with different dosages of the adsorbent. With this figure, the TC adsorption process reaches equilibrium 

around 56hours. 

 

Figure 4.9: Adsorption kinetic plot in different M-CW dosage. Experimental conditions: TC initial 
concentration 100ppm, pH 5.0, agitation speed 150 rpm, temperature 25 C, adsorbent dosage 0.75-

2g/L time 1, 4, 8, 24, 32, 44, 48, 56, 72, 96 , 120 hours. 

The empirical models can be helpful to study the adsorption kinetics. This study selected five models 

to explain the adsorption process. The linear plot of these models can be shown in Fig. 4.10 and the 

model parameters are shown in Table 4-3. 
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Figure 4.10: Adsorption kinetic plot(a) and different kinetic models linear plot about TC adsorption on 
M-CW(b-f). 

One of the adsorption kinetics plots among several different dosages of M-CW kinetic data (M-CW 

dosage: 1.5g/L) was shown in Fig. 4.10. a. The linear plot of Zero-order kinetics is in Fig. 4. 10 b. The R2 

equal to 0.9868 is higher than other kinetic models, however, the RMSE value shown in Table 4-3 is the 

highest one. It means zero order model is not fitted well in this adsorption process. 
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Table 4-3: Adsorption kinetics constant in TC adsorption removal process 

Zero order 
qe mg/g 16.487 

k0 mg/(g•h) -0.6875 
R2 0.9868 

RMSE 38.02 
Pseudo-first order model  

Calculated qe mg/g 47.000 
Experimental qe mg/g 54.51 

k1 (h⁻¹) 0.041 
R² 0.9389 

RMSE 7.51 
Pseudo-second order model  

Calculated qe mg/g 58.479 
k2 (mg/g•h) 0.001 

R² 0.9708 
RMSE 3.97 
Elovich  

α mg/(g•h) 0.072 
β g/mg 12.276 

R² 0.9638 
RMSE 3.53 

Intraparticle diffusion  
Ki mg/(g•h0.5) 7.0908 

R² 0.9716 
RMSE 5.66 

 

Pseudo-first order equation and Pseudo-second order are widely used in adsorption kinetic research. 

They are fitted well in most of the adsorption process. Both the R2 values are relatively high and RMSE 

values are small. It means these reactions limiting factor models fitted well in the TC adsorption process. 

Comparing the R2 and RMSE value, Pseudo-second order model fit the experimental data better.  

Elovich model also reflects chemisorption that existed in the adsorbate-adsorbent system. The R2 

and RMSE value shows this model also fit well in this study. And the lowest RMSE value means the 

calculated TC uptake capacity is the closest to the experimental data. The value of R2 and RMSE Intraparticle 

diffusion model exhibit this model also fit the experimental data well. And it can be the explanation of long 

equilibrium time consumes in this adsorption process. However, it can hardly get through the origin. It 

indicates the intraparticle diffusion is not the only limiting factor in the adsorption process. 

Because of the high agitation speed and small particle size, the effect of mass transfer can be mostly 

reduced [63]. Above all, it can be concluded TC adsorbed on the M-CW process contains two main resistance. 

One from the surface reaction and the other from intraparticle diffusion. 



27 
 

4.5  Adsorption isotherms 

The adsorption isotherm can tell the mechanism of the adsorption process. Here some experiential 

models will help learn adsorption isotherm. The equilibrium data fitted by four isotherms in this study. The 

linear plots and some important parameters in isotherm study were concluded by Fig. 4. 11 and Table 4-4. 

 

 

Figure 4.11: Adsorption isotherms linear plot of TC adsorption on M-CW 

The Langmuir isotherm assumes monolayer adsorption on the homogeneous adsorbent surface [60]. 

The linear plot of the Langmuir equation is shown in Fig. 4. 11. a. The parameters were calculated with the 

slope and intercept of the plot and they are shown in Table 4-4. The calculated data, it shows the maximum 

uptake capacity of TC on the M-CW is 102 mg/g and the RMSE value indicates there exists a small difference 

between experimental and calculated data. By comparison with other adsorbents, the TC uptake capacity of 

M-CW performs well, and the results can be seen in Table 4-5. Besides, the obtained constant RL here is 

0.024 between 0 and 1, this range of value reflects TC adsorption on the M-CW is a favorable process [58]. 

This all means the Langmuir model is fitted well in this study. 
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Table 4-4: Adsorption isotherms constant in TC adsorption removal process 

Langmuir  

KL L/mg 0.056 

Qmax mg/g 102.041 

RL 0.152 

R² 0.9947 

RMSE 1.18 

Freundlich  

KF (mg/g) (L/mg)1/n 14.856 

n 2.357 

R² 0.9592 

RMSE 2.11 

Temkin  

A (L/g), 0.452 

B (J/mol) 24.415 

R² 0.9818 

RMSE 1.39 

Dubinin–Radushkevich  

KDR mol2/kJ2 18.19 

qs mg/g 73.648 

E kJ/mol 0.166 

R2 0.9599 

RMSE 1.97 
 

The Freundlich equation is an empirical model that assumes the adsorption took place in 

heterogeneous systems. And the intensity n value can describe some possibility. The Freundlich linear plot 

was shown in Fig. 4. 11. (b). According to the slop and intercept calculate the parameters then concluded 

in Table 4-4. 1/n value here is 0<0.4243<1, it indicates a normal Langmuir isotherm fitted in this study [60]. 

Temkin isotherm usually used to describe the interaction between adsorbent and adsorbate. There is 

an assumption that the adsorption heat has a linear variation with the degree of overlap [74]. With the 

coefficient concluded in Table 4-4, the R2 is 0.9818 and the constant related to the heat of adsorption is 

24.415J/mol which indicates physisorption [74]. 

D-R isotherm model as an empirical model was applied to describe the adsorption mechanism about 

Gaussian energy distribution onto a heterogeneous surface [58]. And the value of E can be used to distinguish 

chemisorption or physisorption occurred in the system. When the E value lower than 8 kJ/mol it means 

physisorption or between 8-16 kJ/mol the procedure may chemisorption [62]. The linear plot of D-R isotherm 

can be seen in Fig. 4. 11. d. and Table 4-4 concluded the mean values. The R2 is 0.9599 and the E value is 

0.166 kJ/mol which can be considered physisorption occurred in this adsorption system. 

The comparable R2 value and RMSE value shows Langmuir isotherm fitted best in this study. It 

means the TC adsorbed in a relatively favorable homogeneous surface. The Temkin and D-R isotherm 
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models can be proof of physisorption existence in the whole adsorption process. This means the Van der 

Waals may play a role in this adsorption process. 

Table 4-5: Comparison of the maximum adsorption capacities of TC onto various adsorbents based on 
Langmuir isotherms. 

Adsorbents pH Adsorbent 

dosage (g/L) 

Equilibrium 

time (h) 

Qmax (mg/g) 

Langmuir 

References 

Fe HAP 5 1 6 41.39 [75] 

Rice straw biochar - 1 24 50.72 [72] 

Rice husk ash 5 2 10 8.37 [17] 

Bamboo charcoal 7 1 24 22.7 [76] 

M-CW 5 0.5 56 102.04 This study 

Porous carbon 

material 

- 1 27 210.18 [13] 

MOF-5 7 0.3 1 233 [3] 

Sulfonated tea waste - 0.5 0.5 416.66 [77] 
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4.6 Adsorption  optimization study 

The four factors and both experimental and model-predicted response results concluded in Table 4-

6.  

Table 4-6: Experimental design matrix and response of experimental settings for the adsorption 
removal of TC by M-CW. 

Ru
n 

 
Factors Response 

 A: B: C: D:   

 

pH Tetracyclin
e (mg/L) 

M-
CW 
(g/L) 

Tim
e 
(h) 

 Tetracycline adsorption 
removal (%) 

     
Experiment

al 
Predicte

d 

1 7 10 2.5 5 65.4 64.48 

2 3 55 2.5 5 37.3 37.99 

3 5 77 3.75 6.5 70.5 65.51 

4 9 77 3.75 3.5 33.9 31.51 

5 9 77 1.25 6.5 23.8 15.97 

6 5 77 1.25 6.5 29.9 28.93 

7 5 77 3.75 3.5 48 44.47 

8 7 55 2.5 2 27 32.79 

9 7 55 2.5 8 59.3 62.73 

10 11 55 2.5 5 0 12.07 

11 7 55 5 5 75.9 81.36 

12 5 33 1.25 3.5 27.2 27.72 

13 7 55 2.5 5 46.5 47.76 

14 9 33 1.25 3.5 23.4 14.75 

15 9 33 3.75 6.5 74.8 68.24 

16 7 100 2.5 5 28.1 31.04 

17 5 33 3.75 3.5 69.1 70.24 

18 7 55 2.5 5 45.4 47.76 

19 9 33 1.25 6.5 35.6 35.56 

20 5 77 1.25 3.5 25.3 21.87 

21 5 33 3.75 6.5 77.4 81.21 

22 7 55 2.5 5 48.4 47.76 

23 9 77 3.75 6.5 52.3 52.55 

24 7 55 0 5 0.5 14.16 

25 7 55 2.5 5 42.7 47.76 

26 9 77 1.25 3.5 15.5 8.91 

27 9 33 3.75 3.5 62.4 57.27 

28 5 33 1.25 6.5 55.4 48.52 
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The relationship equation between variables and response as following equation Eq. (4.4): 

Tetracycline Removal (%) = 47.7605 - 6.48147A - 8.36047B + 16.798C + 7.48364D -2.00272BC - 

0.459747BD + 0.518598CD - 5.68291A2 + 2.9769BCD (4.4) 

The positive part in this equation means the corresponding factor increased and the response can be 

improved. The same meaning with the negative part.  

The experimental data against the model predicted value plot was depicted in Fig. 4. 12. Some of 

the data is in the predicted value line and the other is uniformly separated both sides of the line. It tells the 

model can predict well in this adsorption process. The statistical analysis of the model was studied by 

ANOVA. 

 

Figure 4.12: Experimental vs model-predicted response of TC adsorbed by M-CW 

The ANOVA of the reduced cubic model in TC adsorption on M-CW was concluded in Table 4-7. 

It can be shown that the model is statistically significant at 95% confidence level. Since the p-value is less 

than 0.0001, meaning the significance term. The B, C, D are the most significant terms in this model. This 

means the significant effect of every single factor in TC removal. Even though the lake of fit is significant, 

the R² equal to 0.9357 is larger than 0.9 which means the model can predict the experiment process well[78]. 
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Table 4-7: The analysis of variance (ANOVA) of the reduced cubic model in TC adsorption by M-
CW. 

ANOVA for Reduced Cubic model Removal (%) of tetracycline by M-CW 

Source 
Sum of 

Squares df 
Mean 

Square 
F-

value 
p-

value  
Model 11901.53 9 1322.39 29.08 < 

0.0001 
significan

t 
A-pH 1008.23 1 1008.23 22.17 0.0002  
B-TC 1677.54 1 1677.54 36.89 < 

0.0001 
 

C-M-
CW 

6772.18 1 6772.18 148.93 < 
0.0001 

 

D-Time 1344.12 1 1344.12 29.56 < 
0.0001 

 

BC 64.17 1 64.17 1.41 0.2503  
BD 3.38 1 3.38 0.0744 0.7882  
CD 4.3 1 4.3 0.0946 0.7619  
A² 885.82 1 885.82 19.48 0.0003  

BCD 141.79 1 141.79 3.12 0.0944  
Residua

l 
818.49 1

8 
45.47    

Lack of 
Fit 

801.6 1
5 

53.44 9.49 0.0443  

Pure 
Error 

16.89 3 5.63    

Cor 
Total 

12720.01 2
7 

    

Std. 
Dev. 

6.74  R² 0.9357 
  

Mean 42.89  Adjusted R² 0.9035   
C.V. % 15.72  Predicted R² 0.8044      

Adeq 
Precision 

17.977 
  

 

Fig. 4.13 shows the single factors effected in TC removal by M-CW. The pH was varied from 3-11. 

With the value increasing the removal efficiency slightly increased and then decreased. The phenomenon is 

the same as the pH value discussion part. TC concentration increased from 10 to 100 mg/L. The removal 

efficiency is decreased following the increase of TC concentration. It can be explained by the result of 

isotherm work. The adsorption process fitted the Langmuir isotherm model best, it means that the TC 

molecules adsorbed by M-CW surface by monolayer. With the concentration increasing, there no more 

surface site provided for adsorption, then the removal efficiency decreased. M-CW dosage select from 0 to 

5g/L. When the dosage increased the TC removal efficiency improved significantly. Because the dosage 

increased then the surface activated sites used in adsorption increased. The contact time as the last factor 

changes from 2 to 8 hours. We can find the time factor has a positive effect on TC removal. And all these 
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effects can be reflected by the Eq. (4). With the combination of Fig. 4. 13, we can find the M-CW dosage 

has a dominant effect than other single factors.  

 

Figure 4.13: Effect of one factor on tetracycline removal 

Fig. 4.14. a. shows the TC concentration and M-CW dosages combined effect in TC removal.  Under 

constant dosage value, the removal efficiency is decreased by the increase of TC concentration. In a higher 

dosage compared with low dosage value, the TC concentration-effect has much more fluctuated. With low 

TC concentration and high M-CW dosage, the TC adsorption attach higher removal efficiency. Fig. 4. 14. b. 

is the TC concentration and contact time combined effect in TC removal. The concentration of TC has a 

negative effect on TC removal. Since in high TC concentration conditions, the TC removal is still higher 

than 50% at a relatively long time. Fig. 4. 14. c. depicts the TC removal changed by M-CW dosage and 

contact time joint effect. The M-CW dosage and contact time both are positive factors in TC removal. It 

means a high value of time and an M-CW dosage can contribute to high TC removal efficiency. 
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Figure 4.14: Effect of initial TC concentration and M-CW dosage on TC removal(a), Effect of initial 
TC concentration and time on TC removal(b) and Effect of M-CW dosage, time on tetracycline 

removal(c) and Predicted optimum condition for TC removal on M-CW(d) 

The optimum experimental conditions to remove TC are shown in Fig. 4.14. d. The TC removal 

efficiency can be up to 98.9% at pH 6.4, contact time 7.7h, M-CW dosage large than 4.9 g/L, and TC initial 

concentration lower than 40 mg/L. 
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CONCLUSIONS 

This study investigates the adsorption potential of agricultural waste material for the removal of 

tetracycline from water. The coffee waste was modified to make magnetic coffee waste (M-CW) which was 

utilized to adsorb and eliminate the tetracycline in the water environment. The physiochemical 

characterization study shows a successful modification of the adsorbent. SEM image, FT-IR functional group 

analysis, and XRD crystal structure study show that the presence of Fe3O4 on the M-CW surface. And 

comparing with CW, the TGA analysis quantitatively determines the 35% (w/w) presence of iron oxide in 

M-CW.  

Three important factors, pH, M-CW dosage, and contact time, were selected to study their effect on 

the adsorption process. pH effect study finds that the zwitterionic form was mainly adsorbed on M-CW at 

weakly acidic pH value. The dosage of M-CW also influences the TC adsorption capacity. The TC removal 

efficiency was significantly increased with the increase of M-CW dosage ≤ 1g/L. The contacted time 

experiments showed that the TC adsorption on M-CW reaches equilibrium at 56 hours.  

Adsorption kinetics and isotherms were conducted for the TC removal mechanism. The 

experimental data was represented by the Pseudo-second model, Elovich, and Langmuir, Temkin models 

well.  And this indicates, there exist both chemisorption and physisorption in the process. The Langmuir 

isotherm fits the experimental data well and the relatively small RMSE value postulates that the adsorption 

phenomenon can be explained by monolayer adsorption. The maximum adsorption capacity was calculated 

to be 102 mg/g.  

Furthermore, with the optimum study, we get the predicted model equation related to TC removal 

efficiency with four main factors (TC initial concentration, M-CW dosage, pH, and contact time). At pH 6.4, 

contact time 7.7h, M-CW 4.9 g/L, and TC initial concentration 40 mg/L, the TC removal efficiency can be 

98.9%.  
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