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Received:  10/3/2022 Adsorption kinetics is an essential part in adsorption studies. The pseudo-

first-order (PFO) and pseudo-second-order (PSO) models are frequently 

used to model the experimental dataset of time-dependent adsorption. The 

differential equations (based on reaction rate and rate law) of the PFO and 

PSO models are similar to those of chemical reactions (i.e., first and second 

order-kinetic reactions). The adsorption kinetics is illustrated through the 

plot of qt (the amount of adsorbate adsorbed by adsorbent at time t) vs. time. 

This plot includes two important regions (kinetic and equilibrium). The 

adsorption rate constant (k1(PFO) or k2(PSO), respectively) of the PFO or PSO 

models needs to be calculated from two regions. The appropriate selection 

of initial adsorbate concentrations for studying adsorption kinetics should be 

based on adsorption isotherm to ensure that adsorption sites in adsorbent 

(material) are highly (nearly fully) covered by adsorbate (solute). Only in 

this case, the rate constant of the adsorption is accurately obtained. 
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1. Introduction 

Kinetics is an important component in many studies (i.e., chemical reaction and adsorption). In 

adsorption process, adsorption and desorption occurs simultaneously until adsorption equilibrium 

reached. Recently, many scholars commented many problems and mistakes related to modelling, 

presenting, and explaining the results of adsorption kinetics [1], [2]. In essence, adsorption kinetics has 

some difference to chemical reaction kinetics. Figure 1 shows a brief summary on such similarity and 

difference. This study mainly focuses on the derivation and discussion on adsorption kinetics. In 

addition, some technical terms are also defined and corrected herein. 

 
Figure 1. Brief summary on similarity and difference between chemical reaction kinetics and adsorption kinetics 

Before discussing some common reaction models used in adsorption kinetics, it is necessary to 

explain basic information on the “reaction rate”, “rate law”, and “rate constant” of reactions. Several 

relevant integration formulas that are used in this paper are given in Equations 1–4 [3]. In those 

equations, A and C are constants. Equation 5 is an integral example between the limits x0 and xi (xi > 

x0). 
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∫𝑑𝑥 = 𝑥 + 𝐶 (1) 

∫𝐴𝑑𝑥 = 𝐴𝑥 + 𝐶 (2) 

∫𝑥𝛼𝑑𝑥 =
𝑥𝛼+1

𝛼 + 1
+ 𝐶 (3) 

∫
1

𝑥
𝑑𝑥 = 𝑙𝑛(𝑥)  +  𝐶 (4) 

∫ 𝑑𝑥 =
𝑥𝑖

𝑥0

(𝑥)|𝑥0
𝑥𝑖 = 𝑥𝑖 − 𝑥0 (5) 

2. Chemical reaction kinetics 

2.1. Reaction rate 

In essence, the measure of the speed (or progress) of a chemical reaction is defined as reaction rate 

[4]. For a chemical reaction taken place in batch reactors with a fixed volume of solutions, reaction rate 

or the rate of reaction [denoted as the rate; M/s, M/min, or M/h)] is defined as the change of 

concentrations (moles per liter; molarity; M) of a reactant or a product with time t (second, minute, or 

hour). Notably, the rate of reaction is a positive quantity [5]. 

Taking an irreversible homogeneous reaction (Equation 6) as a simple example, the molar 

concentrations of reactant [A] (i.e., [A]2 < [A]1; Equation 7) decrease within increasing reaction times t 

(t2 > t1); therefore, the rate of below stoichiometrically simple reaction is expressed as Equation 8 by 

introducing a minus sign [5]. If considering the limitation of smaller and smaller intervals of the reaction 

time [6], Equation 8 can be written as Equation 9 that is commonly known as an empirical differential 

equation. 

A (reactant)  → B (product)  (6) 

Rate =  
[𝐴]2– [𝐴]1
𝑡2– 𝑡1

 (7) 

Rate = –
∆[A]

∆𝑡
= – 

Change in concentrations

Change in times
 (8) 

Rate = –
𝑑[A]

𝑑𝑡
 (9) 

The rate (Equation 6) can be also expressed in the term of the appearance of product B. In contrast 

to the change in the concentrations of reactant [A], the molar concentrations of product B (i.e., [B]2 > 

[B]1) increase within increasing reaction time t (t2 > t1), so its rate is positive quantity (Equation 10). 

Rate =  
𝑑[B]

𝑑𝑡
 

(10) 

In general, for a stoichiometrically complicated reaction (Equation 11), the instantaneous rate of 

consumption of each reactant (A or B) at a given time is defined as Equation 12. Meanwhile, the rate of 

formation of each product (C or D) at a given time is expressed as Equation 13 [7]. 

𝑎A + 𝑏B → 𝑐C +  𝑑D  (11) 

Rate =  – (
1

𝑎
) ×

∆[A]

∆𝑡
= – (

1

𝑏
) ×

∆[B]

∆𝑡
 (12) 

Rate = (
1

𝑐
) ×

∆[C]

∆𝑡
 =  (

1

𝑑
) ×

∆[D]

∆𝑡
 (13) 

2.2. Rate law and rate constant 

The rate law is an expression of empirical differential equation that is used to describe the 

mathematical relationship between the rate of a reaction and the concentrations of reactant (Equation 

14). 

Rate =  𝑘[A]𝑥[B]𝑦 (14) 

where k (dimensional) is defined as the rate constant (or proportionality constant); x and y are the partial 

order of reaction with respects to A and B, respectively; and the overall order of the reaction is obtained 
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by the combination of the partial orders of reaction (x + y). The order of reactions can be positive, 

negative, zero (when the concentration does not affect the rate), or fraction (i.e., 1/2). 

2.3. Determination of the order of reaction  

Although some methods (i.e., integration, differential, half-life, and isolation methods) have been 

applied to determine the order of reactions [5], the integration method is the most popularly used in the 

literature, especially in the field of adsorption science and technology. Therefore, this study only focuses 

on the method based on the integrated rate laws. 

2.3.1. nth-order-kinetic reaction  

Considering a simple chemical reaction (Equation 15), the rate of this reaction is summarized as 

Equations 16 and 17. By combining two equations, a general rate equation is obtained as Equation 18. 

In this equation, the exponent n (without any unit; dimensionless) is defined as the overall order of 

reaction. Equation 18 is also known as the nth-order-kinetic reaction or the general-order-kinetic 

reaction.  

A (reactant) 
𝑘
→ B (product)  (15) 

Rate = – 
𝑑[A]

𝑑𝑡
 (16) 

Rate =  𝑘[A]𝑛 (17) 

–
𝑑[A]

𝑑𝑡
= 𝑘[A]𝑛 (18) 

After taking integration for both sites of Equation 18, Equation 19 or 20 is obtained, with the limits 

of integration being [A]o (the molar concentration of reactant A at beginning) at to and [A]t (the molar 

concentration of reactant A at any time) at t.  

∫
𝑑[A]

[A]𝑛

[A]𝑡

[A]0

=– ∫𝑘𝑑𝑡

𝑡

𝑡0

 (19) 

∫ [A]–𝑛𝑑[A]

[A]𝑡

[A]o

=– ∫𝑘𝑑𝑡

𝑡

𝑡o

 (20) 

After integral calculator, Equation 20 becomes: 

(
[A]−𝑛+1

−𝑛 + 1
)|
[A]o

[A]𝑡

= −(𝑘𝑡)|𝑡0
𝑡1  (21) 

(
1

1 − 𝑛
) ([A]𝑡

1−𝑛 − [A]o
1−𝑛) = −𝑘(𝑡1 − 𝑡o) (22) 

Setting to = 0 at the beginning of most reactions and t = t1, Equation 22 is rewritten as follows: 

(
1

1 − 𝑛
) ([A]𝑡

1−𝑛 − [A]o
1−𝑛) = −𝑘𝑡 (23) 

After re-arrangement, Equation 23 becomes Equation 24 that is called as the linear form (or 

integrated form) of the nth-order-kinetic reaction. 

[A]𝑡
1−𝑛 = (𝑛 − 1)𝑘𝑡 + [A]o

1−𝑛 (24) 

In essence, the half-life of a reaction (t1/2) is an important parameter in kinetic aspects. Notably, the 

half-life of a reactant is significantly different to the half-life of a reaction. The half-life of a reactant is 

the time required for its concentration decreasing to a half of its initial concentration (Equation 25) [5].          

[A]𝑡 =
1

2
[A]o (25) 

For the nth-order-kinetic reaction, the concentration of reactant A decreases to a half of its initial 

concentration is defined in Equation 26. 

[A]𝑡
1−𝑛 = [

1

2
[A]o]

1−𝑛

= 2𝑛−1[A]o
1−𝑛 (26) 
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Submitting Equation 26 into Equation 24 and replacing t1/2 = t, Equation 24 becomes Equation 27. 

The half-life of a reactant of the nth-order-kinetic reaction is obtained as Equation 29 (with n ≠1) after 

re-arranging Equation 28. 

2𝑛−1[A]o
1−𝑛 = (𝑛 − 1)𝑘𝑡1/2 + [A]o

1−𝑛 (27) 

(𝑛 − 1)𝑘𝑡1/2 = [A]o
1−𝑛(2𝑛−1 − 1) (28) 

𝑡1/2 =
(2𝑛−1 − 1)

(𝑛 − 1)𝑘[A]o
𝑛−1

 (29) 

In essence, the unit of k is correctly obtained from the half-life of reactions. By submitting the unit 

of [A] (molarity; M) and t (second; s) into Equation 29, the unit of k in the nth-order-kinetic reaction is 

1/(Mn–1×s) or M1–n/s. 

2.3.2. Zero-order-kinetic reaction  

The rate law for a zero-order-kinetic reaction is expressed as Equation 30 when considering n = 0 

(Equation 18). This means that the rate ko of the zero-order kinetic reaction (Equation 30) is not 

dependent on the concentration of reactant A. 

–
𝑑[A]

𝑑𝑡
= 𝑘[A]o = 𝑘o 

(30) 

After rearranging Equation 30 and then taking integration for both its sites, Equation 31 is obtained 

as follows: 

∫ 𝑑[A] = –∫ 𝑘o𝑑𝑡
𝑡

𝑡o

[A]𝑡

[A]o

 
(31) 

Integration of Equation 31 within the following conditions: to = 0 and t = t at [A]o and [A]t (see 

Equation 32), the equation for the zero-order kinetic reaction is introduced as Equation 33. 

[A]𝑡 – [A]o = – 𝑘o(𝑡 – 0) (32) 

[A]o –  [A]𝑡 = 𝑘o𝑡 (33) 

Simply, the equation of the zero-order kinetic reaction (Equation 35) can be directly obtained from 

the nth-order-kinetic reaction (Equation 24) when considering n = 0 (Equation 34). In order words, the 

zero-order kinetic reaction is a special case of the nth-order kinetic reaction in Equation 24 when n = 0 

and k = ko. 

[A]𝑡
1−0 = (0 − 1)𝑘o𝑡 + [A]0

1−0 (34) 

[A]𝑡 = −𝑘o𝑡 + [A]0 (35) 

The half-life of a reactant of the zero-order kinetic reaction is given as Equation 36 when submitting 

Equation 25 into Equation 35. The unit of the rate constant k of this reaction that is directly obtained 

from Equation 36 is M/s. 

𝑡1/2 =
[A]o
2𝑘o

 (36) 

Submitting n = 0 into Equation 29 to verify the general half-life equation, an equation similar to 

Equation 36 is obtained as follows: 

𝑡1/2 =
(20−1 − 1)

(0 − 1)𝑘o[A]0
0−1 =

[A]0
2𝑘o

 (37) 

2.3.3. First-order kinetic reaction 

The rate law for a first-order-kinetic reaction is expressed as Equation 38 when n = 1 (Equation 18). 

– 
𝑑[A]

𝑑𝑡
= 𝑘1[A]

1 
(38) 

After re-arranging Equation 38 and then taking integration for both its sites, Equation 39 is achieved 

as follows: 

∫
𝑑[A]

[A]

[A]𝑡

[A]0

= – ∫𝑘1𝑑𝑡

𝑡

𝑡0

 (39) 
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The equation of the first-order-kinetic reaction is given as Equation 40 (or commonly as Equation 

41) by integrating Equation 39 within the following conditions: t0 = 0 and t = t at [A]0 and [A]t. 

𝑙𝑛[A]𝑡  –  𝑙𝑛[A]o = – 𝑘1𝑡 (40) 

𝑙𝑛
[A]𝑡
[A]o

= – 𝑘1𝑡 (41) 

The half-life of a reactant is given as Equation 42 when submitting Equation 25 into Equation 41. 

Clearly, the value of t1/2 is independent on the concentration of any reactant that is a special property of 

this reaction as well as inversely proportional to its first-order-rate constant (k1). This conclusion is 

consistent with the literature [5]. Therefore, only this case, the half-life of a reactant is also called as the 

half-life of a reaction. The unit of the rate constant k1 of this reaction that is directly obtained from 

Equation 42 is 1/s. 

𝑡1/2 =
ln2

𝑘1
 (42) 

The equation for the first-order-kinetic reaction (Equation 42) is popularly used in the literature for 

describe the experimental data of some advanced oxidation processes. They includes UV/chlorine 

advanced oxidation process [8], photocatalysis [9], wet oxidation [10], and Fenton-like reactions [11]. 

In this reaction, the rate of disappearance of a reactant (i.e., pollutant in water like paracetamol) is 

frequently expressed as Equation 43. 

𝑙𝑛
𝐶t
𝐶o
= – 𝑘obs𝑡 (43) 

where Co and Ct are the concentration (i.e., M) of reactant (i.e., paracetamol) at beginning (t = 0) and 

any time t (i.e., s); and kobs is the observed rate constant of the first-order equation (1/s). 

Figure 2a gives an example of the common plot (Ct/Co vs. time) of an advanced oxidation process 

using the combination of UV and chlorine [8]. The kinetic region can be identified in Figure 2a. The 

constant kobs that is calculated based on Figure 2b (when only considering the kinetic region) is 0.003 s.  
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Figure 2. (a) Change in PRC concentrations versus time for the decomposition of paracetamol by an 

advanced oxidation process (using UV and chlorine) and (b) the plot used for calculating the observed rate 

constant of the first-order equation (Data extracted from the literature [8]) 

2.3.4. Second-order-kinetic reaction 

The rate law for a second-order-kinetic reaction is listed as Equation 44 when n = 2 (in Equation 18). 

– 
𝑑[A]

𝑑𝑡
= 𝑘2[A]

2 (44) 

Equation 45 is reached after re-arranging Equation 44 and then taking integration for both its sites. 

∫
𝑑[A]

[A]2

[𝐴]𝑡

[𝐴]o

=– ∫𝑘2 𝑑𝑡

𝑡

𝑡o

 (45) 

The equation for the second-order-kinetic reaction is given as Equation 46 (or Equation 47) by 

integrating Equation 45 within the following conditions: t0 = 0 and t = t at [A]0 and [A]t. 

– (
1

[A]𝑡
–
1

[A]𝑜
) = – 𝑘2𝑡 (46) 

1

[A]𝑡
= 𝑘2𝑡 +

1

[A]o
 (47) 

The equation for the second-order-kinetic reaction is also given as Equation 49 when considering n 

= 2 (Equation 24). 

[A]𝑡
1−2 = (2 − 1)𝑘2𝑡 + [A]o

2−𝑛 (48) 
1

[A]𝑡
= 𝑘2𝑡 +

1

[A]o
 (49) 

The half-life of a reactant is given as Equation 50 or 51 when submitting Equation 25 into Equation 

49 or submitting n = 2 into Equation 29, respectively. The unit of the rate constant k2 of this reaction 

that is directly obtained from Equation 50 is 1/(M×s). 

𝑡1/2 =
1

𝑘2[A]o
 (50) 

𝑡1/2 =
(22−1 − 1)

(2 − 1)𝑘2[A]o
2−1

 (51) 

2.3.5. Third-order-kinetic reaction 

The rate law for a second-order-kinetic reaction is given in Equation 52 when n = 3 (Equation 18). 

– 
𝑑[A]

𝑑𝑡
= 𝑘3[A]

3 (52) 

After re-arranging Equation 52 and then taking integration for both its sites, Equation 53 is introduced 

as follows: 

∫
𝑑[A]

[A]3

[A]𝑡

[A]0

= – ∫𝑘3𝑑𝑡

𝑡

𝑡0

 (53) 

After integral calculator, Equation 53 becomes: 

(
[A]−3+1

−3 + 1
)|
[A]0

[A]𝑡

= −(𝑘3𝑡)|𝑡0
𝑡1 (54) 

The equation for the third-order-kinetic reaction is given as Equation 56 by considering conditions: 

t0 = 0 and t = t at [A]0 and [A]t. 

–
1 

2
(
1 

[A]𝑡
2  –  

1 

[A]0
2) = – 𝑘3𝑡 (55) 

1

[A]𝑡
2 = 2𝑘3𝑡 +

1

[A]0
2 (56) 
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The equation for the third-order-kinetic reaction is also given as Equation 57 or 58 when n = 3 in 

Equation 24. 

[A]𝑡
3−𝑛 = (3 − 1)𝑘3𝑡 + [A]0

1−3 (57) 
1

[A]𝑡
2 = 2𝑘3𝑡 +

1

[A]0
2 (58) 

The half-life of a reactant is given as Equation 59 or 60 when submitting Equation 25 into Equation 

58 or submitting n = 3 into Equation 29, respectively. The unit of the rate constant k3 of this reaction 

that is directly obtained from Equation 59 is 1/(M2×s).  

𝑡1/2 =
3

2𝑘3[A]0
2 (59) 

𝑡1/2 =
(23−1 − 1)

(3 − 1)𝑘3[A]0
3−1 =

3

2𝑘3[A]0
2 (60) 

In summary, the relevant information the rate equations (nth-order-kinetic, zero-order-kinetic, first-

order-kinetic, second-order-kinetic, and third-order-kinetic reactions), their integrated forms (linear 

forms), the unit of their rate constants, and their half-life of a reactant A is provided in Table 1. 

Table 1. Summation of the rate equations (nth-order-kinetic, zero-order-kinetic, first-order-kinetic, second-order-

kinetic, and third-order-kinetic reactions), their integrated forms (linear forms), the unit of their rate constants, and 

their half-life of a reactant A 

Reaction 

order (n) 

Differential form 

(Rate equation) 

Integrated form 

(y = ax + b) 

Unit of rate 

constant (k) 
Half-life (t1/2) 

n –
𝑑[A]

𝑑𝑡
= 𝑘[A]𝑛 [A]𝑡

1–𝑛 = (𝑛– 1)𝑘𝑡 + [A]o
1–𝑛 M(1–n)/s 

(2𝑛−1 − 1)

(𝑛 − 1)𝑘[A]o
𝑛−1

 

0 –
𝑑[A]

𝑑𝑡
= 𝑘o[A]

o [A]𝑡 = – 𝑘o𝑡 + [A]𝑜 M/s 
[A]o
2𝑘o

 

1 –
𝑑[A]

𝑑𝑡
= 𝑘1[𝐴]

1 𝑙𝑛
[A]𝑡
[A]𝑜

=–𝑘1𝑡 1/s 
𝑙𝑛2

𝑘1
 

2 –
𝑑[A]

𝑑𝑡
= 𝑘2[𝐴]

2 
1

[A]𝑡
= 𝑘2𝑡 +

1

[A]𝑜
 1/(M×s) 

1

𝑘2[A]0
 

3 –
𝑑[A]

𝑑𝑡
= 𝑘3[A]

3 
1

[A]𝑡
2 = 2𝑘3𝑡 +

1

[A]0
2 1/(M2×s) 

3

2𝑘3[A]0
2 

Note: The units of the concentrations of reactant ([A] and [A]0) and time t are molarity (M) and second (s); 

chemical reaction is considered herein as: A (reactant) → B (product); and n is the general order of a reaction (n 

≠ 1 for its integrated form and half-life). 

3. Adsorption kinetics 

In the field of adsorption in solid–liquid phases, two adsorption models (pseudo-first-order and 

pseudo-second-order models) are frequently used to model the experimental data of time-dependent 

adsorption. Some authors disagree to use the term “pseudo”, while others suggest using this word. In 

fact, in the plot of qt vs. t, its y-axis is expressed as the amounts of adsorbate adsorbed by an adsorbent 

at any time t (qt; mol/kg; Equation 61) instead of the concentration of adsorbate (mol/L) in solution at 

any time t (Ct; mg/L) [12]. The amount of adsorbate adsorbed by an adsorbent at equilibrium (qe; 

mol/kg) is expressed as Equation 62. 

𝑞t =
𝐶o–𝐶t
𝑚

× 𝑉 (61) 

𝑞e =
𝐶o–𝐶e
𝑚

× 𝑉 (62) 

where Co, Ce, and Ct (mol/L) are the concentration of adsorbate in solution at beginning, equilibrium, 

and time t (i.e., min), respectively; m (kg) is dried mass of adsorbent; and V (L) is the working volume 

of adsorbate.  

In order words, in the adsorption kinetics, the adsorption rate (different to the adsorption rate 

constant) is defined as the change of the amount of adsorbate adsorbed by adsorbent with time t (not the 
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change of the concentration of adsorbate with time t). Therefore, the prefix of “pseudo” (unreal) is used 

to describe the rate law and rate constant for adsorption processes [2].  

Earlier, Ho suggested using the term of the pseudo-first-order model and pseudo-second-order model 

rather than that of the first-order and second-order models. This is because the former kinetic equations 

based on the adsorption capacity of adsorbent (qt; mol/kg) while the latter based on the concentration of 

adsorbate (Ct; mol/L) [13]. Therefore, the terms of the pseudo-first-order model (PFO) and pseudo-

second-order model (PSO) are used in this paper. 

3.1. Pseudo-first-order (PFO) model  

According to previous discussion [2, 14, 15], the PFO model (Equation 63) was firstly developed by 

Lagergren [16] for applying charcoal to adsorb oxalic acid and malonic acid in water. The differential 

equation of the PFO model [16] is commonly expressed as Equation 63. Because qt values often increase 

within increasing contact time. Therefore, the adsorption rate in Equation 63 is always positive. 

However, as discussed in Section 2.1, the differential equation of this model is correctly given as 

Equation 64 rather than Equation 63. 

𝑑𝑞t
𝑑𝑡

= 𝑘1(PFO)(𝑞e(PFO) − 𝑞t)
1 (63) 

where k1(PFO) is the rate constant of the PFO model (an un-known parameter; 1/min or 1/h); and qe(PFO) 

(an un-known parameter; mol/kg) and qt (obtained from time-dependent experiments; mol/kg) are the 

amounts of adsorbate adsorbed by adsorbent at equilibrium and any time t (min or h), respectively.  

𝑑𝑞t
𝑑𝑡

= 𝑘1(PFO)(𝑞o − 𝑞t)
1 (64) 

In Equation 64, qo is the theory maximum (or total) adsorption capacity of adsorbent by its dry mass. 

For example, if the adsorption process of NH+
4 ions in solution by zeolite adsorbents is primarily 

regarded as ion-exchange mechanism, the qo value (meq/g) of zeolite will be nearly equal to its capacity 

exchange capacity (CEC; meq/g). When adsorption process reaches equilibrium, qe value will be equal 

to qo value (or the ratio of qe/qo ≈ qe/CEC ≈ 1.0). Therefore, if adsorption processes are conducted at very 

low initial concentrations of adsorbate (Co → 0), qe value will be significantly lower than qo value (qe 

<< qo). As a result, Equation 64 cannot reduce to Equation 63. This problem is often ignored by many 

researchers and recently discussed by authors [17].  

In order words, the differential equations of the pseudo-first-order, pseudo-second-order, and 

pseudo-general-order models are only valid when adsorption process reach a “true equilibrium” under 

high initial adsorbate concentrations. Only in this case, qo will be equal to qe (an un-known parameter). 

After separating the variables in Equation 63, Equation 64 is obtained as follows: 

𝑑𝑞t

(𝑞e(PFO)– 𝑞t)
= 𝑘1(PFO)𝑑𝑡 (64) 

Equation 65 is achieved by taking integration for both sites of Equation 64. 

∫
𝑑𝑞t

(𝑞e(PFO)– 𝑞t)

𝑞t

0

= ∫ 𝑘1(PFO)𝑑𝑡
𝑡

0

 (65) 

Equation 65 can be also rewritten as follows: 

∫
𝑑(𝑞t − 𝑞e(PFO))

(𝑞e(PFO) − 𝑞t)

𝑞t

0

= ∫ 𝑘1(PFO)𝑑𝑡
𝑡

0

 (66) 

−∫
𝑑(𝑞e(PFO) − 𝑞t)

(𝑞e(PFO) − 𝑞t)

𝑞t

0

= ∫ 𝑘1(PFO)𝑑𝑡
𝑡

0

 (67) 

After applying the boundary conditions (qt = 0 at t = 0, and qt = qt at t = t), the linear form of the PFO 

model is achieved as Equation 70. 

− 𝑙𝑛( 𝑞e(PFO) − 𝑞t)|0
𝑞t
 = 𝑘1(PFO)𝑡|0

𝑡
 (68) 

− 𝑙𝑛( 𝑞e(PFO) − 𝑞t) + 𝑙𝑛( 𝑞e(PFO)) + 𝐶constant = 𝑘1(PFO)𝑡 + 𝐶constant (69) 

𝑙𝑛( 𝑞e(PFO) − 𝑞t) = −𝑘1(PFO)𝑡 + 𝑙𝑛( 𝑞e(PFO)) (70) 
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Equation 70 is the linear form of the PFO model that is often used in the literature [14], [18], [19]. 

After re-arrangement, Equation 73 is common the non-linear form of the PFO model that is an 

exponential function. 

𝑞e(PFO) − 𝑞t = 𝑒
[−𝑘1(PFO)𝑡+𝑙𝑛(𝑞e(PFO))]     or     𝑞e(PFO) − 𝑞t = 𝑒

−𝑘1(PFO)𝑡 × 𝑒𝑙𝑛(𝑞e(PFO)) (71) 

𝑞e(PFO) − 𝑞t = 𝑒
−𝑘1(PFO)𝑡 × 𝑞e(PFO)         or    𝑒−𝑘1(PFO)𝑡 =

𝑞e(PFO)−𝑞𝑡

𝑞e(PFO)
 (72) 

𝑞t = 𝑞e(PFO)(1 − 𝑒
−𝑘1(PFO)𝑡) (73) 

If submitting Equation 61 into Equation 73, another expression of the non-linear form of the PFO 

(Equation 75) can be obtained as suggested by authors [20]. 

𝐶o– 𝐶t
𝑚

𝑉 = 𝑞e(PFO)(1 − 𝑒
−𝑘1(PFO)𝑡) (74) 

𝐶t
𝐶o
= 1– [

𝑞e(PFO)

𝐶o
×
𝑚

𝑉
× (1 − e−𝑘1(PFO)𝑡)] (75) 

It is necessary to calculate the half-life of an adsorption process (t1/2; minute or hour). The half-life 

is defined as the time required to decrease the amount of adsorbate in solution adsorbed by adsorbent to 

half of its theory maximum adsorption capacity (qo). 

𝑞t =
1

2
𝑞o =

1

2
𝑞e (76) 

After taking the logarithm of both sides of Equation 72, Equation 78 is obtained. The half-life of 

adsorption process is given as Equation 79 by submitting Equation 76 into Equation 78. This equation 

is similar to the literature [18]. Similar to the half-life of a reaction (Section 2.3), the half-life of 

adsorption process is independent on the amount of adsorbate adsorbed by adsorbent at any time (qt) 

and inversely proportional to its rate constant (k1(PFO)). The unit of k1(PFO) (1/min) can be obtained from 

Equation 79 when the unit t is minute. 

𝑙𝑛(𝑒−𝑘1(PFO)𝑡) = 𝑙𝑛 (
𝑞e(PFO)−𝑞𝑡

𝑞e(PFO)
)            or       −𝑘1(PFO)𝑡 = 𝑙𝑛 (

𝑞e(PFO)−𝑞𝑡

𝑞e(PFO)
) (77) 

𝑡 = −

𝑙𝑛(
𝑞e(PFO) − 𝑞t
𝑞e(PFO)

)

𝑘1(PFO)
 

(78) 

𝑡1/2 =
−𝑙𝑛(1/2)

𝑘1(PFO)
=
𝑙𝑛(2)

𝑘1(PFO)
=
0.693

𝑘1(PFO)
 (79) 

3.2. Pseudo-second-order (PSO) model 

In the literature, there is a strong argument on the derivation of the PSO model. A series of comment 

works has been made by the authors [21] – [23] to argue who is the original authors propose this model. 

Ho strongly concluded that the PSO model was initially reported in the author’ doctoral thesis for 

describing the adsorption process of divalent metal ions onto sphagnum moss peat. Therefore, he 

suggested that other researchers need to “cite Ho’s original pseudo-second-order kinetic expression 

paper” [21] – [23]. However, the PSO model is not originally proposed by Ho. More information on 

this conclusion has been summarized by a critical review [14]. In fact, the PSO model was early 

introduced by Blanchard et al. [24] to model time-dependent experiment data of the adsorption process 

of potentially toxic metals onto an ion exchanger derived from natural zeolite clinoptilolite. Differential 

equation of the PSO model (Equation 80) is commonly given in the literature. Similar to the case of the 

PFO, the model of PSO is valid when qe equal to qo. Only this case, Equation 81 reduce to Equation 80. 

𝑑𝑞t
𝑑𝑡

= 𝑘2(PSO)(𝑞e(PSO) − 𝑞t)
2 (80) 

𝑑𝑞t
𝑑𝑡

= 𝑘2(PSO)(𝑞o − 𝑞t)
2 (81) 

where k2(PSO) the rate constant of the PSO model [kg/(mol×min) or kg/(mol×h); an un-known parameter]; 

and qe(PSO) (an un-known parameter; mol/kg) and qt (obtained from time-dependent experiments; mol/kg) 

are the amounts of adsorbate adsorbed by adsorbent at equilibrium and any time t (min or h), 

respectively.  

After separation of the variables, Equation 81 is rephrased as follows:  
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𝑑𝑞t
(𝑞e(PSO) − 𝑞t)

2
= 𝑘2(PSO)𝑑𝑡 (82) 

Taking integration for both sites, Equation 83 is obtained as follows: 

∫
𝑑𝑞t

(𝑞e(PSO) − 𝑞t)
2

𝑞t

0

= ∫ 𝑘2(PSO)𝑑𝑡
𝑡

0

 (83) 

Equation 83 can be also rewritten as follows: 

∫
𝑑(𝑞t − 𝑞e(PSO))

(𝑞e(PSO) − 𝑞t)
2

𝑞t

0

= ∫ 𝑘2(PSO)𝑑𝑡
𝑡

0

 (84) 

−∫
𝑑(𝑞e(PSO) − 𝑞t)

(𝑞e(PSO) − 𝑞t)
2

𝑞t

0

= ∫ 𝑘2(PSO)𝑑𝑡
𝑡

0

 (85) 

Applying the boundary conditions (qt = 0 at t = 0, and qt = qt at t = t), Equation 85 becomes 

1

(𝑞e(PSO) − 𝑞t)
|
0

𝑞t

= 𝑘2(PSO)𝑡|0
𝑡
 (86) 

1

(𝑞e(PSO) − 𝑞t)
−
1

𝑞e
= 𝑘2(PSO)𝑡 (87) 

After arrangement, the nonlinear form of the PSO model is obtained as Equation 88 [19].  

𝑞t =
𝑞e(PSO)
2 𝑘2(PSO)𝑡

1 + 𝑞e(PSO)𝑘2(PSO)𝑡
 (88) 

If submitting Equation 61 into Equation 88, another expression of the non-linear form of the PSO 

model (Eq. (4.100)) can be yielded as suggested by authors [20]. 

𝐶o– 𝐶t
𝑚

𝑉 =
𝑞e(PSO)
2 𝑘2(PSO)𝑡

1 + 𝑞e(PSO)𝑘2(PSO)𝑡
 (89) 

𝐶t
𝐶o
= 1 – 

𝑞e(PSO)

𝐶o

𝑚

𝑉
(
𝑞e(PSO)
2 𝑘2(PSO)𝑡

1 + 𝑞e(PSO)𝑘2(PSO)𝑡
) (90) 

Six types of the linear forms of the PSO model (Equations 91–96) are found in the literature [14], 

[20], [25], [26]. Although Type 5 and Type 6 have been reported by some authors [20], [25], they are 

not commonly applied in the literature compared to Type 1. 

𝑡

𝑞t
= (

1

𝑞e(PSO)
)𝑡 +

1

𝑘2(PSO)𝑞e(PSO)
2  (Type 1: the plot of t/qt vs. t) (91) 

1

𝑞t
= (

1

𝑘2(PSO)𝑞e(PSO)
2 )

1

𝑡
+

1

𝑞e(PSO)
 (Type 2: the plot of 1/qt vs. 1/t) (92) 

𝑞t = (
– 1

𝑘2(PSO)𝑞e(PSO)
)
𝑞t
𝑡
+ 𝑞e(PSO) (Type 3: the plot of qt vs. qt/t) (93) 

𝑞t
𝑡
= – (𝑘2(PSO)𝑞e(PSO))𝑞t + 𝑘2(PSO)𝑞e(PSO)

2  (Type 4: the plot of qt/t vs. qt) (94) 

1

𝑡
 = 𝑘2(PSO)𝑞e(PSO)

2
1

𝑞t
 –  𝑘2(PSO)𝑞e(PSO) (Type 5: the plot of 1/t vs. 1/qt) (95) 

1

(𝑞e(PSO)– 𝑞t)
= 𝑘2(PSO)𝑡 +

1

𝑞e(PSO)
 (Type 6: the plot of 1/(qe(PSO) – qt) vs. t) (96) 

Because the PSO model does not include the parameter of initial adsorption rate, Ho introduced a 

simple definition to calculate this rate from the Type 1 of this model. The initial adsorption rate ho 

[mg/(g×min) or mg/(g×h)] is expressed as Equations 97. 

ℎo = 𝑞o
2𝑘2(PSO)  = 𝑞e(PSO)

2 𝑘2(PSO)  (97) 

The half-life of the amount of adsorbate adsorbed by adsorbent (not the half-life of adsorption process 

as the case of PFO model) is obtained as Equations 98 by submitting Equations 76 into Equations 88. 

This equation has been reported elsewhere [18] - [27]. 
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𝑡1/2 =
1

𝑞e𝑘2(PSO)
 (98) 

3.3. Pseudo-nth-order (PNO) model or general-order-kinetic (GOK) model 

In some cases, it is hard to determine the order of adsorption process. This means that the experience 

data of time dependence are well fitted to both PSO and PFO models. Therefore, the pseudo-nth-order 

(PNO) model or the general order kinetic (GOK) model is additionally used to determine the overall 

order of adsorption process appropriately. Differential equation of the PNO model is expressed as 

Equations 99.  

𝑑𝑞t
𝑑𝑡

= 𝑘n(𝑞e(PNO) − 𝑞t)
𝑛 (99) 

After separating of the variables and taking integration for both sites, Equations 100 is obtained. 

∫
𝑑𝑞t

(𝑞e(PNO) − 𝑞t)
𝑛

𝑞t

0

= ∫ 𝑘n𝑑𝑡
𝑡

0

 (100) 

Equations 100 can be also rewritten as follows: 

∫
𝑑(𝑞t − 𝑞e(PNO))

(𝑞e(PNO) − 𝑞t)
𝑛

𝑞t

0

= ∫ 𝑘𝑛𝑑𝑡
𝑡

0

 (101) 

−∫
𝑑(𝑞e(PNO) − 𝑞t)

(𝑞e(PNO) − 𝑞t)
𝑛

𝑞t

0

= ∫ 𝑘𝑛𝑑𝑡
𝑡

0

 (102) 

Applying the boundary conditions (qt = 0 at t = 0, and qt = qt at t = t), Equation 102 becomes Equation 

102 and then Equation 104. Equation 105 is the linear form of this model [19]. 

(𝑞e(PNO) − 𝑞t)
1−𝑛

𝑛 + 1
|

0

𝑞𝑡

= – 𝑘𝑛𝑡|0
𝑡  (103) 

1

1–𝑛
(𝑞e(PNO) − 𝑞t)

1−𝑛 – (𝑞e(PNO))
1−𝑛) = – 𝑘𝑛𝑡 (104) 

(𝑞e(PNO) − 𝑞t)
1−𝑛 = (𝑛 – 1)𝑘𝑛𝑡 + (𝑞e(PNO))

1−𝑛 (105) 

Setting AB = (𝑛– 1)𝑘n𝑡 + (𝑞e)
1−𝑛 and then logarithm of both sides of Equation 105, Equation 106 

and then Equations 107–111 are attained.  

𝑙𝑛(𝑞e(PNO) − 𝑞t)
1−𝑛 = 𝑙𝑛AB (106) 

𝑙𝑛(𝑞e(PNO) − 𝑞t) =
1

(1– 𝑛)
𝑙𝑛AB (107) 

𝑞e(PNO) − 𝑞𝑡 = 𝑒(
1
1–𝑛

)𝑙𝑛AB
 (108) 

𝑞𝑡 = 𝑞e(PNO) − 𝑒
𝑙𝑛AB

(
1
1–𝑛)

 (109) 

𝑞𝑡 = 𝑞e(PNO) − AB
(
1
1–𝑛

)
 (110) 

𝑞𝑡 = 𝑞e(PNO) − (
1

AB
)

1
𝑛–1

 (111) 

Submitting AB = (𝑛– 1)𝑘n𝑡 + (𝑞e(PNO))
1−𝑛 into Equations 111, Equations 112 is obtained. 

𝑞𝑡 = 𝑞e(PNO) − (
1

(𝑛– 1)𝑘n𝑡 + (𝑞e(PNO))
1−𝑛 

)

1
𝑛–1

 (112) 

After arranging Equations 112, Equations 113–115 are attained. Equations 115 is the nonlinear form 

of the PNO or GOK model and has been reported elsewhere [18]. 

𝑞t = 𝑞e(PNO) − (
1

(𝑞e(PNO))
1−𝑛 [(𝑛– 1)𝑘n𝑡(𝑞e(PNO))

𝑛–1 + 1] 
)

1
𝑛–1

 (113) 

𝑞t = 𝑞e(PNO) − (
(𝑞e(PNO))

𝑛–1

1 + (𝑛– 1)𝑘n𝑡(𝑞e(PNO))
𝑛–1)

1
𝑛–1 

 (114) 
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or       

𝑞𝑡 = 𝑞e(PNO) − 𝑞e (
1

1 + (𝑛– 1)𝑘n𝑡(𝑞e(PNO))
𝑛–1)

1
𝑛–1 

 
 

𝑞t = 𝑞e(PNO)

{
 

 

1 − [
1

1 + (n − 1)knq
e(PNO)

(n−1)
t
]

1
𝑛−1

}
 

 

 (115) 

The nonlinear form of the PNO model (Equations 116) is reported by Lima et al [19], [28] after re-

arranging Equations 114.  

𝑞t = 𝑞e(PNO) −
𝑞e(PNO)

[(𝑛– 1)𝑘n𝑞e(PNO)
𝑛–1 𝑡 + 1]

1
1–𝑛 

 
 (116) 

The half-life of the amount of adsorbate adsorbed by adsorbent is obtained by submitting Equations 

76 into Equations 105. This half-life equation (Equations 121) has been reported elsewhere [18]. The 

unit of rate constant of PNO model that is (kg/(mol)1–n )×(1/min) (or kgn−1 mol1−n min−1) obtained by 

submitting the units of qe (mol/kg), Ce (mol/L), and t (min) into Equation 105 or 121. 

(𝑞e(PNO) −
1

2
𝑞e(PNO))

1−𝑛 = (𝑛 – 1)𝑘n𝑡1/2 + (𝑞e(PNO))
1−𝑛 (117) 

(
1

2
)1−𝑛(𝑞e(PNO))

1−𝑛 = (𝑛 – 1)𝑘n𝑡1/2 + (𝑞e(PNO))
1−𝑛 (118) 

(2)𝑛–1(𝑞e(PNO))
1−𝑛 – (𝑞e(PNO))

1−𝑛
= (𝑛 – 1)𝑘n𝑡1/2 (119) 

(𝑞e(PNO))
1−𝑛(2𝑛–1– 1) = (𝑛– 1)𝑘n𝑡1/2 (120) 

𝑡1/2 =
(𝑞e(PNO))

1−𝑛
(2𝑛–1 – 1)

(𝑛 – 1)𝑘n
=

2𝑛–1 – 1

(𝑛 – 1)𝑘n𝑞e(PNO)
𝑛–1  (121) 

In summary, the relevant information the adsorption kinetics models, their integrated forms (linear 

forms), the unit of their rate constants, and their half-life is provided in Table 2. 

Table 2. Summation of three common adsorption kinetic models and their half-life 

 
Adsorption kinetic model 

PNO (n ≠ 1) PFO PSO 

Differential form 
𝑑𝑞𝑡
𝑑𝑡

= 𝑘n(𝑞𝑒 − 𝑞𝑡)
𝑛 

𝑑𝑞𝑡
𝑑𝑡

= 𝑘1(𝑞𝑒 − 𝑞𝑡)
1 

𝑑𝑞𝑡
𝑑𝑡

= 𝑘2(𝑞𝑒 − 𝑞𝑡)
2 

Integrated form 

(linear form) 
(𝑞e − 𝑞t)

1−𝑛 = (𝑛– 1)𝑘𝑛𝑡 + (𝑞e)
1−𝑛 

𝑙𝑛( 𝑞e − 𝑞t)
= −𝑘1𝑡 + 𝑙𝑛( 𝑞e) 

𝑡

𝑞t
= (

1

𝑞e
)𝑡 +

1

𝑘2𝑞e
2
 

Integrated 

equation 

(nonlinear form) 

q
t
= q

e
{1− [

1

1+ (n− 1)knq
e
(n−1)t

]

1
𝑛−1

} 𝑞𝑡 = 𝑞𝑒(1 − 𝑒
−𝑘1𝑡) 𝑞𝑡 =

𝑞𝑒
2𝑘2𝑡

1 + 𝑞e𝑘2𝑡
 

Unit of rate 

constant (k) 
(kg/(mol)1–n) × (1/min) 1/min kg/(mol×min) 

Half-life (t1/2) 
2𝑛–1– 1

(𝑛– 1)𝑘n𝑞𝑒
𝑛–1

 
𝑙𝑛2

𝑘1
 

1

𝑞e𝑘2
 

Note: the units of t = min, qe and qt = mol/kg, and Co and Ce = mol/L. 

3.4. Discussion 

As early discussed, the term qo (the theory maximum adsorption capacity of adsorbent) needs to be 

used instead of qe. Only the case qo ≈ qe, the differential equations of the PFO, PFO, and PNO models 

are obtained. Figure 3a shows the adsorption kinetics of naproxen onto biosorbent generated from peanut 

shell under two initial naproxen concentrations (i.e., Co = 97 and 498 mg/L). Clearly, under a low Co 

(97 mg/L), the adsorption process reaches very rapidly equilibrium, with a plateau point being reached 

after 15 min. The kinetic region is not identified in this case. Under low Co, the adsorption, the adsorption 

sites available in the biosorbent are not fully occupied by naproxen molecules (see Figure 3b). Figure 

3b shows three regions (i.e., un-saturation, near saturation, and saturation) in the adsorption isotherm of 
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naproxen by the biosorbent. Its maximum adsorption papacy of that is calculated based on the Langmuir 

model and experiment is 55.1 mg/g and 48.5 mg/g, respectively. 

In contrast, under a higher Co (498 mg/L), the adsorption sites in the biosorbent are fully covered by 

naproxen molecules (Figure 3b). This is because qe (48.2 mg/g; qt ≈ qe when the adsorption reaches 

equilibrium) is nearly equal to qo (48.8 mg/g). As a result, the kinetic region and equilibrium region are 

obtained (Figure 3a). Table 3 presents a comparison on the parameters of the PSO and PFO models 

obtained from full data (kinetic region and equilibrium region), kinetic region, and only equilibrium 

region. The result indicated that the parameters of the PSO and PFO models calculated based onto the 

kinetic and equilibrium regions are highly reliable.  
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Figure 3. (a) Adsorption kinetic of naproxen by the peanut shell-derived bisorbent and (b) its adsorption 

isotherm [29] 

Table 3. Parameters of the PSO and PFO models of the adsorption process of naproxen by the biosorbent  

 

1. Kinetic region and 

equilibrium region 
 2. Kinetic region  3. Equilibrium region 

PFO  

model 

PSO  

model 
 

PFO 

model 

PSO 

 model 
 

PFO 

model 

PSO 

model 

qe 47.9 49.9  61.5 100  49.1 59.1 

k1(PFO) or k2(PSO) 0.0239 0.00163  0.0123 7.73E-5  0.018 3.28E-4 

adj-R2 0.9991 0.9996  0.9994 0.9992  0.9954 0.9792 

red-χ2 0.3897 0.1621  0.1563 0.2001  1.7422 7.8167 

Note: the unit of qe (mg/g), k1(PFO) (1/min), and k2(PSO) [g/(mg×min)]; the qe value (from the experiment) of 48.2 

mg/g; the raw data extracted from the literature [29].  

4. Conclusions 

The order of chemical reaction kinetics is different to that of adsorption kinetics. The chemical 

reaction kinetics is described by the change of concentrations (in mol/L) of reactant (i.e., paracetamol) 

within reaction time. Meanwhile, the adsorption kinetics is described by the change of the amount of 

reactant (commonly called adsorbate, i.e., paracetamol) absorbed by adsorbent (qt; mol/kg or mg/g) 
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within adsorption time. Taking the same order of reaction (n = 1), the constant k1 of chemical reaction 

kinetics is often calculated based on the kinetic region. In contrast, the constant k1(PFO) of adsorption 

kinetics is calculated based on both kinetic region and equilibrium region. Some incorrect cases for 

adsorption kinetics are provided in Section 3.4. The first common mistake is the rate constant (k1(PFO) 

and k2(PSO)) is calculated from equilibrium region (the unsuitable selection of initial interval time). The 

adsorption occurs very fast; therefore, it is necessary to repeat the adsorption kinetics by taking shorter 

period-times (i.e., 1 min, 3 min, 5 min, etc.). The second common mistake is the unsuitable selection (of 

initial adsorbate concentrations (i.e., low or dilute concentration). Under this low initial adsorbate 

concentration, the adsorption sites in the material are not fully covered by adsorbate. This means that 

the qe value will not be equal to qo. As a result, the parameters of the adsorption kinetic models 

(especially the relevant rate constants) obtained are not acceptable.  

REFERENCES 
[1] Q. Hu, S. Pang, and D. Wang, “In-depth Insights into Mathematical Characteristics, Selection Criteria and Common Mistakes of 

Adsorption Kinetic Models: A Critical Review,” Separation & Purification Reviews, pp. 1-19, 2021. 

[2] M.A. Hubbe, S. Azizian, and S. Douven, “Implications of apparent pseudo-second-order adsorption kinetics onto cellulosic materials: 
a review,” BioResources, vol.14, no.3, pp. 7582-7626, 2019. 

[3] A. Jeffrey and H.H. Dai, Handbook of mathematical formulas and integrals, Elsevier, 2008. 

[4] S. Suresh and S. Sundaramoorthy, “Green Chemical Engineering: An introduction to catalysis, kinetics, and chemical processes,” Green 
Chemical Engineering, CRC Press, 2014. 

[5] R. Chang, General chemistry: the essential concepts, Boston: McGraw-Hill, 2008. 

[6] G.G. Hammes, Thermodynamics and kinetics for the biological sciences, New York: Wiley-Interscience, 2000. 
[7] P. Atkins and J. de Paula, Physical Chemistry, 8th edition, Oxford University Press, 2006. 

[8] Y. Dao, et al., “Degradation of paracetamol by an UV/chlorine advanced oxidation process: Influencing factors, factorial design, and 

intermediates identification,” International Journal of Environmental Research and Public Health, vol. 15, no.12, pp. 2637-2637, 2018. 
[9] C.H. Nguyen, et al., “Roles of adsorption and photocatalysis in removing organic pollutants from water by activated carbon–supported 

titania composites: Kinetic aspects,” Journal of the Taiwan Institute of Chemical Engineers, vol. 109, pp. 51–61, 2020. 

[10] F. Tomul, Y. Arslan, and H.N. Tran, “Metal-Loaded carbonated mesoporous calcium silicates: Synthesis, characterization, and 
application for diclofenac removal from water,” Industrial & Engineering Chemistry Research, vol. 58, no.48, pp. 22084-22093, 2019. 

[11] W. Feng, et al., “A comparison of spent resin degradation by Fenton and O3-Fenton process,” Progress in Nuclear Energy, vol. 130, 

103566, 2020. 
[12] I. Maamoun, et al., “Insights into kinetics, isotherms and thermodynamics of phosphorus sorption onto nanoscale zero-valent iron,” 

Journal of Molecular Liquids, vol.328, 115402, 2021. 

[13] Y.S. Ho and G. McKay, “Sorption of dye from aqueous solution by peat,” Chemical Engineering Journal, vol. 70, no.2, pp. 115-124, 
1998. 

[14] H.N. Tran, et al., “Mistakes and inconsistencies regarding adsorption of contaminants from aqueous solutions: A critical review,” Water 
Research, vol. 120, pp. 88-116, 2017. 

[15] K.L. Tan and B.H. Hameed, “Insight into the adsorption kinetics models for the removal of contaminants from aqueous solutions,” 

Journal of the Taiwan Institute of Chemical Engineers,vol. 74, pp. 25-48, 2017. 
[16] S. Lagergren, About the theory of so-called adsorption of soluble substances. Kungliga Svenska Vetenskapsakademiens Handingarl, 

vol. 24, pp. 1-39, 1898. 

[17] M.A. Hubbe, “Insisting upon Meaningful Results from Adsorption Experiments,” Separation & Purification Reviews, pp. 1-14, 2021. 
[18] Q. Hu and Z. Zhang, “Prediction of half-life for adsorption kinetics in a batch reactor,” Environmental Science and Pollution Research, 

vol. 27, no.35, pp. 43865-43869, 2020. 

[19] R.-L. Tseng, et al., “A convenient method to determine kinetic parameters of adsorption processes by nonlinear regression of pseudo-
nth-order equation,” Chemical Engineering Journal, vol.237, pp. 153-161, 2014. 

[20] J. Lin and L. Wang, “Comparison between linear and non-linear forms of pseudo-first-order and pseudo-second-order adsorption kinetic 

models for the removal of methylene blue by activated carbon,” Frontiers of Environmental Science & Engineering in China, vol. 3, 
no.3, pp. 320-324, 2009. 

[21] Ho, Y.-S., Comment on “An alternative Avrami equation to evaluate kinetic parameters of the interaction of Hg(II) with thin chitosan 

membranes,” Journal of Colloid and Interface Science, vol. 272, no.1, pp. 249-250, 2004. 
[22] Ho, Y.-S., Comment on “Arsenic Removal Using Mesoporous Alumina Prepared via a Templating Method”. Environmental Science & 

Technology, vol. 38, no.11, pp. 3214-3215, 2004. 

[23] Ho, Y.-S., Comments on “Chitosan functionalized with 2[-bis-(pyridylmethyl) aminomethyl]4-methyl-6-formyl-phenol: equilibrium 
and kinetics of copper (II) adsorption”, Polymer, vol. 46, no.5, pp. 1451-1452, 2005. 

[24] G. Blanchard, M. Maunaye, and G. Martin, “Removal of heavy metals from waters by means of natural zeolites,” Water Research, 

vol.18, no.12, pp. 1501–1507, 1984. 
[25] O. Hamdaoui, et al., “Sorption of malachite green by a novel sorbent, dead leaves of plane tree: Equilibrium and kinetic modeling,” 

Chemical Engineering Journal, vol.143, no.1, pp. 73-84, 2008. 

[26] K.V. Kumar, “Linear and non-linear regression analysis for the sorption kinetics of methylene blue onto activated carbon,” Journal of 
Hazardous Materials, vol. 137, no.3, pp. 1538-1544, 2006. 

[27] R.-L. Tseng, et al., “Half-life and half-capacity concentration approach for the adsorption of 2,4-dichlorophenol and methyl blue from 

water on activated carbons,” Journal of the Taiwan Institute of Chemical Engineers, vol. 42, no.2, pp. 312-319, 2011. 
[28] É.C. Lima, et al., “CHAPTER 3 - Adsorption: Fundamental aspects and applications of adsorption for effluent treatment,” in Green 

Technologies for the Defluoridation of Water, M. Hadi Dehghani, R. Karri, and E. Lima, Ed., Elsevier, 2021, pp. 41-88. 

[29] F. Tomul, et al., “Adsorption process of naproxen onto peanut shell-derived biosorbent: important role of n–π interaction and van der 
Waals force,” Journal of Chemical Technology & Biotechnology, vol. 96, no.4, pp. 869-880, 2021. 

https://jte.hcmute.edu.vn/index.php/jte/index
mailto:jte@hcmute.edu.vn


 

ISSN: 2615-9740 

JOURNAL OF TECHNICAL EDUCATION SCIENCE 
Ho Chi Minh City University of Technology and Education 

Website: https://jte.hcmute.edu.vn/ 
Email: jte@hcmute.edu.vn 

 

 

JTE, Issue 70B, June 2022 47 
 

 

Dr. Hai Nguyen Tran (0000-0001-8361-2616; h-index: 35) received his Ph.D. degree in environmental 
engineering from Chung Yuan Christian University, Taiwan. He is currently the director of Center for Energy 

and Environmental Materials, Duy Tan University, Vietnam. His research interests include adsorption, Fenton-

like reaction, photocatalysis, UV/chlorine process, and green synthesis. Especially, he focuses on (1) exploring 
the adsorption mechanism of various contaminants, (2) developing a variety of advanced materials, (3) 

characterizing them by various advanced techniques, and (4) applying them for water and wastewater treatments.  

He serves as an editorial board member of many prestigious international science journals: Science of the Total 
Environment; Chemosphere; Separation & Purification Reviews; Current Pollution Reports; Journal of Chemical 

Technology and Biotechnology; Environment, Development and Sustainability; Water Science and Technology; 

Biochar; Carbon Research; Journal of Hazardous Materials Advances; Adsorption Science & Technology; 
Nanotechnology for Environmental Engineering; Green Processing and Synthesis, Frontiers in Environmental 

Chemistry; Bulletin of Environmental Contamination & Toxicology; Experimental Results.  
Dr. Hai (his rank: 14.704 and self-citation: 8.85%) is listed in the 100,000 top scientists around the world 2021 
published by PLOS Biology. 

https://jte.hcmute.edu.vn/index.php/jte/index
mailto:jte@hcmute.edu.vn

