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Highlights 

 

- The assumptions underlying the Temkin isotherm model are discussed. 

- Verifying the dimensional consistency of equations helps in avoiding mistakes. 

- Calculated parameters should be always accompanied by their errors of estimate.  

- The classical linear van’t Hoff plot may lead to erroneous prediction of thermodynamic 

parameters. 

- Comparing different graphical representations may help in assessing data reliability. 

- The sign of ∆𝐺° does not provide any information about the spontaneity of a process. 

- The selected isotherm model must be consistent with the isosteric heat of adsorption trend.  

 

 

Abstract 

In this work, we discuss some results and statements recently published in the scientific adsorption 

literature. In particular, we focus on the thermodynamic aspects of the adsorption process, including 

dimensional inconsistency of fitted parameters, Temkin isotherm assumptions, inaccurate calculation 

of ∆𝐻° and ∆𝑆°, parameter determination without providing the errors of estimate, mismatch between 

selected isotherm models and isosteric heat of adsorption, misleading interpretation of the spontaneity 

of a process, and interchangeability of ∆𝐺 and ∆𝐺°. A graphical method is proposed for assessing 

data reliability and applicability of the van’t Hoff equation.  
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1. Introduction 

Adsorption plays an important role in many natural and engineered processes, including protein-solid 

surface interaction [1–3], soil pollutants fate [4–6], heterogeneous catalysis [7,8], gas separation [9–

11] and wastewater treatment [12,13]. For decades, this has attracted the attention of many researchers 

worldwide, resulting in the publication of a considerable number of adsorption studies, especially 

recently focused on the application of adsorptive removal of pollutants from aqueous solution. In 

recent years, a number of comment papers, reviews and research articles have been dedicated to 

discussing practical and conceptual errors found in the adsorption literature, with special emphasis 

on thermodynamic aspects. These critical papers have pointed out mistakes and inconsistencies in 

experimental procedures [14,15], thermodynamic parameters calculation [16–21], dimensional 

analysis [22] and theoretical formulations [23,24]. Notwithstanding these critical papers, recent 

research studies continue to interlink adsorption data and thermodynamics in inconsistent terms and 

ways. Thereby it is a matter of precise wording whether a statement is correct or wrong. As an 

example from the current literature, we consider a study on enthalpic and entropic selectivity in 

membrane filtration processes published in ES&T 2021 [25]. The authors used the water-membrane 

"partition coefficient … defined as the ratio of the diffusion rates forward and backward through the 

solution−membrane interface". Obviously, this definition of the partition coefficient is wrong. It 

becomes correct when the term ‘rates’ is replaced by ‘rate constants’. It is our intention to sensitize 

the experimentally oriented researcher to be aware of difficulties and pitfalls in this field. 

In the present paper, we discuss some issues, apparently not yet sufficiently examined, arising from 

a critical analysis of recent published papers about the application of the Temkin isotherm and the 
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van’t Hoff equation, calculation of the isosteric heat of adsorption and interpretation of the 

spontaneity of adsorption processes. 

 

2. Temkin isotherm 

Although originally derived for analyzing gas–solid systems [26], the Temkin model can also be used 

in liquid–solid systems, provided that the assumptions underlying the model are satisfied. Unlike the 

simpler and more widely used Langmuir model [27,28], the Temkin model (expressed in the 

approximated form as Eq. (1)) considers that the adsorption enthalpy is not constant but varies linearly 

with the adsorbent surface coverage as a result of (i) adsorbate interactions or (ii) heterogeneity of 

adsorption sites [29]. The two cases lead to different analytical solutions of the Temkin model that 

will not be examined here; details of their derivation can be found elsewhere [26,29]. In the case of 

porous adsorbents, surface coverage can also be understood as the extent of pore filling. It should be 

noted that according to the Temkin theory, the change in the surface coverage not only affects the 

adsorption enthalpy but also the adsorption Gibbs energy and the thermodynamic adsorption 

equilibrium constant. In contrast, the adsorption entropy is assumed to be surface-coverage-

independent.  

Interestingly, if one restricts the adsorption domain to the middle range of surface coverage, the same 

approximated form of the Temkin isotherm is obtained for both the adsorbate interactions and surface 

heterogeneity cases [29]: 

𝜃𝑒 =
𝑅𝑇

𝛿∆𝐻
ln (𝐾°𝑇

𝐶𝑒

𝐶°
)          (1) 

The latter equation is valid for dilute solutions of a non-ionic compound. Here 𝜃𝑒 (unitless), R (J K-1 

mol-1) and T (K) are the adsorbent surface coverage fraction or extent of pore filling, the ideal gas 

constant and the temperature, respectively. The parameter 𝐾°𝑇 represents a special case of the generic 

Temkin thermodynamic adsorption equilibrium constant (see below); Ce and C° are the solute 

concentrations in the equilibrated liquid phase and according to the selected standard state (both in 

mg L-1 or mol L-1), respectively. The subscript e denotes the equilibrium state. According to IUPAC 
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indications [30], 𝐾°𝑇 (like any other thermodynamic equilibrium constant) is a dimensionless 

quantity; its absolute value depends on the selected standard states of solute in the liquid and adsorbed 

state. The standard adsorbed state is implicitly defined by the concentration measure units used for 

expressing the adsorbent loading (amount of solute adsorbed per mass of adsorbent), for instance mg 

g-1 or mol g-1 [16]. It is worth noting that the meaning of both 𝛿∆𝐻 (J mol-1) and 𝐾°𝑇 varies depending 

on the type of adsorption scenario envisaged. In the case of adsorbate-adsorbate interactions, 𝛿∆𝐻 

represents the difference between the molar adsorption enthalpies at zero coverage and saturation, 

whereby 𝐾°𝑇 is the adsorption equilibrium constant at zero coverage. In case of surface heterogeneity, 

𝛿∆𝐻 is the difference between the smallest and the largest molar adsorption enthalpy of the sites, 

whereby 𝐾°𝑇 is the adsorption equilibrium constant associated with adsorbate binding to the strongest 

adsorption sites. The definition of 𝐾°𝑇 and the relations that connect 𝐾°𝑇 to the Gibbs energy, the 

adsorption enthalpy and the adsorption entropy, are given by the following equations [29]: 

𝐾°𝑇 =
𝜃𝑒

(1−𝜃𝑒)
𝐶𝑒
𝐶°

           (2) 

𝐾°𝑇 = 𝑒−
∆𝐺°0

𝑅𝑇             (3) 

∆𝐺°0 = ∆𝐻°0 − 𝑇∆𝑆°           (4) 

Here ∆𝐺°0 and ∆𝐻°0 are the standard adsorption Gibbs energy and the standard adsorption enthalpy, 

respectively; the subscript “0” stands for zero coverage in the case of adsorbate-adsorbate interactions 

and for surface element s = 0 (associated with the largest adsorption enthalpy ∆𝐻°0) in the case of 

surface heterogeneity, respectively. As previously stated, the thermodynamic parameter ∆𝑆° 

represents the standard adsorption entropy, which is considered as being independent of 𝜃 and s.  

Since in most cases the maximum adsorption capacity of the adsorbent, qm (generally expressed as 

mg g-1 or mol g-1), is not known a priori, Eq. (1) can be conveniently recasted in terms of the 

equilibrium adsorbent loading qe (mg g-1 or mol g-1), as: 

𝑞𝑒 = 𝑞𝑚
𝑅𝑇

𝛿∆𝐻
ln (𝐾°𝑇

𝐶𝑒

𝐶°
)          (5) 

where 𝜃e = 𝑞e/𝑞m. 
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Due to its simplicity and to the fact that it can be rearranged in a linear form [22], Eq. (5) (or its 

linearized form) is widely used in the literature for describing the equilibrium of adsorption processes 

[31–34]. Considering the assumptions upon which the model relies, it is important to recall that Eq. 

(5) can only be expected to provide physically consistent results when all the fitted experimental data 

fall in the midrange of the adsorbent coverage. 

As reported by Chu [22], even in most recently published works [32,35–37], a slightly different 

expression for approximating the Temkin isotherm is used in place of Eq. (5): 

𝑞𝑒 =
𝑅𝑇

𝑏𝑇
ln(𝐾𝑇𝐶𝑒)           (6) 

where C° is missing and, for the sake of dimensional consistency, 𝐾𝑇 (numerically equivalent to 𝐾°𝑇), 

is not dimensionless as 𝐾°𝑇 is but has the dimensions of the reciprocal of 𝐶𝑒: 𝐾𝑇 and Ce are commonly 

expressed with units of L mg-1 or L mol-1 and mg L-1 or mol L-1, respectively.  

Comparison of Eq. (6) with Eq. (5) suggests that  

𝑏𝑇 =
𝛿∆𝐻

𝑞𝑚
            (7) 

From Eq. (7) it may be deduced that 𝑏𝑇 has to have units of (J mol-1) × (mg g-1)-1 or (J mol-1) × (mol 

g-1)-1. In contrast, in the works mentioned above [32,35–37], 𝑏𝑇 has units of J mol-1 because it is 

erroneously considered an adsorption heat quantity. This mistake leads to dimensional inconsistency 

in Eq. (6) and to wrong estimation of the Temkin adsorption heat parameter, whose correct value is 

given by  𝛿∆𝐻 (i.e. by 𝑏𝑇 × 𝑞𝑚, see Eq. (7)). It is important to remark that 𝛿∆𝐻 is not an absolute 

adsorption enthalpy but rather a measure of the change in the adsorption enthalpy along the occupied 

adsorption sites or surface coverage (see Eq. (8)). The absolute adsorption enthalpy is implemented 

in the temperature dependence of the equilibrium constant 𝐾𝑇. Shamsudin et al. [35] investigated 

diclofenac (DCF) adsorption in water onto alginate/carbon films (AC-films) and applied Eq. (6) to 

the equilibrium adsorption data measured at various temperatures, obtaining the values of 𝑏𝑇 reported 

in Table 1. 
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Table 1. Temkin parameters for the adsorption of DCF onto AC-films at various temperatures* 

T 

(K) 

bT** 

(J mol-1) × (mg g-1)-1 

KT 

(L mg-1) 

303 326.43 2.414 

313 235.31 0.550 

323 229.53 0.405 

333 230.40 0.338 

343 276.89 0.230 

* Values of bT and KT as originally presented by Shamsudin et al. [35].  

** Units of measure corrected by the present authors with respect to the incorrect original source (J 

mol-1).  

 

The format of data in Table 1 as well as in Table 2 is a typical example of unreasonable precision 

suggested by presenting 5 to 7 digits for calculated values. Actually, in most cases not more than 

three digits are significant. From these values of 𝑏𝑇, Shamsudin et al. inferred that “the adsorption 

heat decreased linearly with surface coverage due to adsorbent-adsorbate interaction and it ranged 

from 229.5 to 326.4 J/mol”. We state that the procedure they used for determining the change in the 

adsorption heat with surface coverage is not correct. According to the Temkin theory, one should 

instead use Eq. (8) [29]: 

∆𝐻𝜃 = ∆𝐻0 + 𝛿∆𝐻 · 𝜃          (8) 

where ∆𝐻𝜃 and ∆𝐻0 are the adsorption enthalpies at any 𝜃 and at zero coverage, respectively. It 

should be noted that, in Eq. (8), 𝛿∆𝐻 is assumed to be temperature-independent.  

The meaning of 𝑏𝑇 was also misinterpreted by Araújo and co-workers [32]; in their work, the 

adsorption of Pb(II) onto lobeira fruit was erroneously classified as physiosorption on the basis of the 

“low value” reported for 𝑏𝑇 (0.2 kJ mol-1): again, we remark that the value of 𝑏𝑇 (both when 

considered as 𝛿∆𝐻 and 𝛿∆𝐻/qm) does not provide information on the magnitude of the adsorption 

heat. 
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A third mistake related to the application of the Temkin isotherm model can be found in Saxena et al. 

[37]. The authors used the Temkin isotherm for modelling the adsorption of methylene blue (MB) 

onto carbon nanotubes. A basic requirement for the correct application of the Temkin model, as for 

any other isotherm model, is that adsorption is fully reversible, i.e. the experimental data must refer 

to equilibrium conditions. However, the experiments of Saxena et al. showed that the adsorption of 

MB was largely irreversible. This means that the obtained adsorption data cannot be adequately 

described by an equilibrium isotherm, regardless of the applied model, rendering the analysis of the 

isotherm data inaccurate and any ensuing result unreliable.  

 

3. Estimation of ∆𝑯° and ∆𝑺°  

It is very often found in adsorption studies that the estimates of ∆𝐻° and ∆𝑆° are invalidated by an 

erroneous calculation of the equilibrium adsorption constant. This issue has been exhaustively 

examined in previous reports [16,17,21,38–40] and hence does not require further elucidation here. 

In the present work, attention is focused on an issue related to the application of the well-known van’t 

Hoff equation in the following form [41]: 

ln 𝐾° = −
∆𝐻°

𝑅

1

𝑇
+

∆𝑆°

𝑅
          (9) 

where 𝐾° is the generic thermodynamic adsorption equilibrium constant, and ∆𝐻° (kJ mol-1) and ∆𝑆° 

(kJ K-1 mol-1) are the standard adsorption enthalpy and the standard adsorption entropy, respectively. 

Assuming that neither ∆𝐻° nor ∆𝑆° vary appreciably with temperature, a plot of ln 𝐾°  against 1/T 

(van’t Hoff plot) would produce a straight line from whose slope and intercept the values of ∆𝐻° and 

∆𝑆°, respectively, can be determined. The results of this procedure as presented by Ghosal and Gupta 

[42] are reported in Fig. 1 and Table 2. 
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Fig. 1. Linear van’t Hoff plot using adsorption constants 𝐾° (unitless) from the work of Ghosal and 

Gupta [42] (see also Table 2). Error bars represent the standard error (calculated by us) of the estimate 

of the model’s overall fit. 
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Table 2  

Thermodynamic parameters for the adsorption of fluoride on an aluminum/olivine material* 

T 

(K) 

𝐾° 

(unitless) 

∆𝐻° 

(kJ mol-1) 

∆𝑆° 

(kJ K-1 mol-1) 

283 5026.481* 

-19 ± 2** 0.006 ± 0.008** 

293 4730.845 

303 3051.498 

313 2651.44 

323 1957.408 

* Values of 𝐾° as originally presented by Ghosal and Gupta [42].  

** Errors ranges were calculated in the present work as standard error values of the parameters. 

 

In their study, the authors investigated the thermodynamics of fluoride adsorption on an 

aluminum/olivine composite material. Based on the results shown in Fig. 1 and Table 2, Ghosal and 

Gupta claimed that “the positive value of ∆𝑆° reflected an affinity of the adsorbent on the fluoride ion 

along with the increase in the degree of freedom of the adsorbed species and the increase in 

randomness at the interface during the sorption process”. In our opinion, this statement is not 

supported by the data. It is worth noting that Ghosal and Gupta did not report the errors associated to 

the estimated parameters (unfortunately, a common practice in literature), thus providing no evidence 

of the reliability of their results. A logarithmic representation of the data, as in Eq. (9), might be 

misleading because it reduces the scattering for the eyes. Nevertheless, the error for ∆𝑆° (as estimated 

and added by us in Table 2) is greater than the value of ∆𝑆° itself, which clearly denotes a high degree 

of uncertainty regarding the absolute ∆𝑆° value and even its sign. Thus from the above considerations, 

it becomes obvious that any speculation based upon the sign of ∆𝑆° is pointless. 

Ghosal and Gupta [41] present adsorption coefficients with 7 significant digits, which wrongly 

suggests an extremely high precision. Actually, these adsorption coefficients are derived from the 

Freundlich isotherm model, which yields KF values in terms of (mg L-1)  (L mg-1)1/n. It is obvious 

that handling of ln KF causes basic mathematical problems, and in particular that the value of ∆𝑆° in 

Eq. (9) depends on the units of KF. Hence, ∆𝑆° calculated in this way has no real chemical meaning.  
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Shamsudin et al. [35] applied Eq. (9) for determining the thermodynamic parameters of diclofenac 

(DCF) adsorption onto alginate/carbon films (AC-films). The values of KT used for the calculation 

were obtained from the Temkin model (Table 1); the results are displayed in Fig. 2A and Table 3. 

According to Table 3, the authors concluded that “ΔS of DCF adsorption was −0.04 kJ/mol⋅K 

indicated that the randomness decreased at the solid-solution interface during the removal of this 

pollutant”. Similarly to Ghosal and Gupta [42], Shamsudin et al. did not report the errors on ∆𝐻° and 

∆𝑆°. In order to test the reliability of the fitting procedure via Eq. (9) and possibly obtain a better 

estimation of ∆𝐻° and ∆𝑆°, Lima et al. [43] suggested the use of the non-linear form of the van’t Hoff 

equation (Eq. (10)) because this provides parameters statistically more reliable than those from the 

regression according to the linear format: 

𝐾°𝑇 = 𝑒(−
∆𝐻°

𝑅

1

𝑇
+

∆𝑆°

𝑅
)
           (10)  

In the latter case, 𝐾°𝑇 is plotted as an exponential function of T for parameter determination by the 

non-linear regression method. 

Alternatively, one can first calculate the standard adsorption Gibbs energy (∆𝐺°) from Eq. (11), and 

then apply the Gibbs equation (Eq. (12)): 

∆𝐺° = −𝑅𝑇 ln 𝐾°𝑇           (11)  

∆𝐺° = ∆𝐻° − 𝑇∆𝑆°           (12)  

A plot of ∆𝐺° against T should produce a straight line with intercept and slope equal to ∆𝐻° and −∆𝑆°, 

respectively. 

In Figs. 2A-2C, the use of the three equations (Eqs. (9), (10), (12)) on the data set of Shamsudin et 

al. [35] is graphically compared; Table 3 reports the estimated values of ∆𝐻° and ∆𝑆°, together with 

their associated standard errors. 
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Fig. 2. Adsorption of DCF onto AC-films. Data taken from Shamsudin et al. [35]. Comparison 

between linear van’t Hoff plot (A), non-linear van’t Hoff plot (B) and Gibbs plot (C); full data set; 

solute standard state = 1 mol L-1; 𝐾𝑇 in part A and B should be dimensionless (i.e. 𝐾°𝑇), but is taken 

here in its original (erroneous) format (L mol-1). Error bars represent the standard error (calculated by 

us) of the estimate of the model’s overall fit. 
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Table 3 

Thermodynamic parameters for the adsorption of DFC onto AC-films as determined by various data 

treatment methods. Original adsorption data (KT as f(T)) are taken from Shamsudin et al. [35]. Error 

intervals are the standard error values of the parameters. 

 ∆𝐻° 

(kJ mol-1) 

∆𝑆° 

(kJ K-1 mol-1) 

Full data set   

   Linear van’t Hoff plot (-5 ± 1) × 10 (-4 ± 3) × 10-2 

   Non-linear van’t Hoff plot (-9 ± 2) × 10 (-18 ± 7) × 10-2 

   Gibbs plot (-4 ± 1) × 10 (-4 ± 3) × 10-2 

Corrected data set   

   Linear van’t Hoff plot (-2.5 ± 0.3) × 10 (2 ± 1) × 10-2 

   Non-linear van’t Hoff plot (-2.4 ± 0.2) × 10 (2 ± 1) × 10-2 

   Gibbs plot (-2.5 ± 0.3) × 10 (2 ± 1) × 10-2 

 

Using the linearized equation (Eq. (9)), ∆𝐻° and ∆𝑆° were calculated as (–5 ± 1) × 10 kJ mol-1 and 

(−4 ± 3) × 10-2 kJ K-1 mol-1, respectively. As expected, the error on ∆𝑆° is particularly high ( 75%), 

denoting a high degree of uncertainty in the estimation of this parameter. Significantly different 

results are obtained with the non-linearized van’t Hoff equation (Eq. (10)). As regards the Gibbs 

equation (Eq. (12)), it is worth noting that it provides numerical results similar to those obtained with 

the linear model (see Table 3). However, its graphical representation in Fig. 2C clearly shows that 

the experimental data point at T = 303 K significantly deviates from the trend of the other points, 

likely biasing the fitting analysis and leading to incorrect estimation of ∆𝐻° and ∆𝑆°. In order to 

improve the predictions of the thermodynamic parameters, Fig. 3 and Table 3 report the results of the 

curve-fitting procedures performed omitting the outlier data point.  
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Fig. 3. Adsorption of DCF onto AC-films. Data taken from Shamsudin et al. [35]. Comparison 

between linear van’t Hoff plot (A), non-linear van’t Hoff plot (B) and Gibbs plot (C); corrected data 

set; solute standard state = 1 mol L-1; 𝐾𝑇 in part A and B should be dimensionless (i.e. 𝐾°𝑇), but is 

taken here in its original (erroneous) format (L mol-1). Error bars represent the standard error 

(calculated by us) of the estimate of the model’s overall fit. 

 

 

As can be seen, the results indicate that the three models are more accurate for describing the data 

(and the errors for parameters) when the outlier point is not included, providing comparable values 

for both ∆𝐻° and ∆𝑆°. Although at first sight the data scattering in Fig. 3C also appears to be large, 

this is due to the quite narrow scale of ∆𝐺° on the ordinate. The comparison of data presentations in 
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Figs. 2 and 3 clearly shows that identification of outlier points is more difficult in the linear van’t 

Hoff plot due to its logarithmic KT scale. 

 

4. Relationship between isotherm models and isosteric heat of adsorption 

The suitability of an isotherm model for describing an adsorption process can be assessed by verifying 

whether the trend of the isosteric heat of adsorption is consistent with that envisaged by the isotherm 

model.  

The isosteric heat of adsorption (∆𝑖𝑠𝑡𝐻) refers to a fixed surface coverage and represents the 

differential heat of adsorption at given adsorbate equilibrium concentration and temperature [16,44]. 

It can be determined by using the Clausius–Clapeyron equation [41]:  

∆𝑖𝑠𝑡𝐻 = −𝑅𝑇2 d ln 𝐶𝑒

d𝑇
= −

𝑅𝑇2

𝐶𝑒

d𝐶𝑒

d𝑇
         (13) 

The principle of isostericity dictates that the adsorbed amount at equilibrium 𝑞𝑒 is constant; on the 

other hand, 𝑞𝑒 depends on temperature and on liquid-phase concentration 𝐶𝑒. The correlation between 

𝑞𝑒 and 𝐶𝑒 can be described by several isotherms, for example by the Langmuir isotherm model which 

can be expressed in terms of the thermodynamic Langmuir equilibrium constant K°L as:  

𝑞𝑒 =  
𝑞𝑚𝐾°𝐿

𝐶𝑒
𝐶°

1+𝐾°𝐿
𝐶𝑒
𝐶°

            (14) 

and in the case of the non-dimensionless Langmuir equilibrium constant KL as: 

𝑞𝑒 =  
𝑞𝑚𝐾𝐿𝐶𝑒

1+𝐾𝐿𝐶𝑒
            (15) 

where 𝑞𝑚 is the monolayer maximum adsorption capacity. Here 𝐾L has dimensions of the reciprocal 

of 𝐶𝑒. In the Langmuir model, it is assumed that the adsorption sites are energetically equivalent and 

that there are no intermolecular forces between adsorbate molecules [45]. Hence the adsorption 

enthalpy (∆𝐻°) is constant over the whole range of adsorbent coverage. In the Appendix part we 

demonstrate mathematically that ∆𝑖𝑠𝑡𝐻 = ∆𝐻°. As expected, in the frame of the Langmuir model, 
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∆𝑖𝑠𝑡𝐻 is constant and equal to ∆𝐻°. Let us now examine how various literature studies apply this 

knowledge. 

Chen et al. [46] studied the adsorption performance of a titanium/zirconium polymer (Ti/Zr-DBMD) 

for Pb(II) ions from aqueous solution. The authors affirmed that the adsorption of Pb(II) on Ti/Zr-

DBMD “conformed to the Langmuir isotherm model”. On the same data basis, they found that the 

isosteric heat of adsorption decreased (in absolute values) significantly with an increase of the 

adsorbent loading (see Fig. 4).  

 

Fig. 4. Adsorption of Pb(II) ions onto a Ti/Zr-DBMD adsorbent: isosteric heat of adsorption as a 

function of the equilibrium adsorbent loading. Adapted from Chen et al. [46]. 
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The latter finding clearly contradicts the Langmuir model assumption according to which, as we have 

shown above, the heat of adsorption is independent on the adsorbent surface coverage. This 

observation suggests that the Langmuir model is inadequate for describing the equilibrium of the 

Pb(II) adsorption onto Ti/Zr-DBMD. Apparently, the authors were not aware of the necessary 

correlation between the various constraints of the Langmuir adsorption model.  

 

5. Sign of ∆𝑮° and spontaneity of adsorption processes 

A frequent and widespread mistake in adsorption studies is to determine the spontaneity of the process 

from the sign of ∆𝐺°, which is the standard free enthalpy of adsorption here. 

Sentences still appearing in recent literature, such as: “The ΔG° values for all the adsorption 

temperatures were obtained to be negative which indicates the spontaneous and feasible CO2 

adsorption process” [36], or “To determine the spontaneity of the adsorption process, thermodynamic 

studies were carried out.” [47], “…thermodynamic functions allowed to verify if the adsorption was 

favorable and spontaneous” [35], or “The fact that ΔG° was negative indicated that the adsorption 

of Pb(II) on Ti/Zr-DBMD was a spontaneous process” [46], or “It could be seen … that the values of 

ΔG° … were all negative at different temperatures, suggesting Pb(II) adsorption on both BMC and 

OMC was spontaneous” [48], and similar statements in [49,50,53], are meaningless. It should be 

noted that if adsorption were not favorable and spontaneous, it would not take place under the given 

conditions at all. 

This common mistake arises from the fact that ∆𝐺° and ∆𝐺 are used interchangeably. ∆𝐺 is the change 

in free enthalpy due to adsorption of a dissolved solute under the experimental conditions under study. 

Usually it applies to the state of an initially ‘clean’ adsorbent. Unlike the sign of ∆𝐺, the sign of ∆𝐺° 

provides no information on the spontaneity of a process [16,17,51,52]. Simply stated: the driving 

force of an adsorption depends on the distance of the actual state (solute + adsorbent) from the 

equilibrium state. This means that any adsorption process proceeds spontaneously when starting with 

a clean adsorbent. Inspection of Eq. (11) suggests that the sign of ∆𝐺° solely depends on the numerical 
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value of K°T (or of any other equilibrium constant used for ∆𝐺° calculation), which in turn varies with 

the selected standard conditions: for 0 < K°T < 1, we get ∆𝐺° > 0 whereas for K°T > 1 it follows that 

∆𝐺° < 0. As an example, in the study of Shamsudin et al. [35], the selected standard condition for the 

solute was 1 mol L-1 (implicitly defined by the concentration measure units used by the authors for 

expressing the solute concentration in the liquid phase), which gives K°T values >1 and therefore ∆𝐺° 

< 0 (Table 4). Based on the observation that the calculated ∆𝐺° were negative (see the third column 

in Table 4), the authors erroneously inferred that “DCF adsorption on AC-films was spontaneous”. 

However, by using 1 mg L-1 as the standard state for the solute, we get K°T < 1 and hence, ∆𝐺° > 0 

for four of the five temperatures tested (see the fifth column in Table 4). The negative value at 303 K 

has already been identified as an outlier (see above). Simply stated: the driving force for adsorption 

is higher when the adsorbent comes into contact with 1 mol L-1 of solute concentration compared to 

1 mg L-1. 

 

Table 4 

Adsorption of DCF onto AC-films. Data adapted from Shamsudin et al. [35]. Values of ∆𝐺° are 

calculated using two different solute standard conditions. 

T (K) K°T 

 

(Solute standard 

condition = 1 mol L-1) 

∆𝐺° 

(kJ mol-1; 

solute standard 

condition = 1 mol L-1) 

K°T 

 

(Solute standard 

condition = 1 mg L-1) 

∆𝐺° 

(kJ mol-1; 

solute standard 

condition = 1 mg L-1) 

303 7.68 × 105 -34.1 2.414 -2.2 

313 1.75 × 105 -31.4 0.550 1.6 

323 1.29 × 105 -31.6 0.405 2.4 

333 1.075 × 105 -32.1 0.338 3.0 

343 0.732 × 105 -31.9 0.230 4.2 

 

This does not imply that the adsorption process with low DCF concentrations, e.g. 1 mg L-1, becomes 

non-spontaneous. A change in the standard state (that is, a change in the units of measure) cannot 

affect the direction of the process because the actual activities (or concentrations) of reactants and 

products (hence the reaction quotient and ∆𝐺, not ∆𝐺°) remain the same. 
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6. Adsorption from different phases 

Finally we want to point to another aspect when interpreting thermodynamic parameters such as 

Gads, Hads, and Sads for adsorption in condensed media, e.g. in water. In contrast to adsorption 

from the gas phase, in condensed media these parameters reflect changes of molecular interactions in 

both the solid and the liquid phases. Solutes, adsorbates and adsorbents are all subjects of solvation. 

This makes the chemical meaning of such terms more complex. 

 

Conclusions 

Adsorption is one of the most relevant processes in water treatment techniques and for catalysis in 

aqueous systems. This role is reflected by a large number of experimental and theoretical adsorption 

studies published in the pertinent literature. Correct data treatment and interpretation is essential for 

their further application. The present contribution points to a number of pitfalls and misinterpretations 

frequently found in adsorption studies, in particular when adsorption data are interpreted in terms of 

thermodynamic parameters. Only selected examples are presented here: this is by no means an 

exhaustive analysis of the literature. 

Most of the considerations in this article concern basic knowledge in physical chemistry rather than 

sophisticated science. Regrettably, obvious methodical or conceptual errors, as exemplarily stressed 

for adsorption phenomena in this paper, appear frequently in the literature. Inconsistency of units, for 

example, is not “merely” a formal error but invalidates the entire output. These publications are 

written by established scientists, pass careful reviewer checks and are finally published in well-

respected journals. There, they affect understanding of the subject-matter (e.g. adsorption 

phenomena) and style of writing (e.g. number of digits for data presentation) in the scientific 

community, in particular for the younger scientists. Significant methodical errors should not remain 

undisputed but should be remediated in a timely manner in the respective journals. Although this kind 
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of scientific self-healing is sometimes perceived as irritating, it is essential in order to preserve and 

protect the chain of logical deduction. 
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Appendix 

Relationship between adsorption isotherm models and isosteric heat of adsorption 

The isosteric heat of adsorption (∆ist𝐻) refers to a fixed surface coverage and represents the 

differential heat of adsorption at given adsorbate equilibrium concentration and temperature. It can 

be determined by using the Clausius–Clapeyron equation:  

∆𝑖𝑠𝑡𝐻 = −𝑅𝑇2 d ln 𝐶𝑒

d𝑇
          (A1) 

or 

∆𝑖𝑠𝑡𝐻 = −
𝑅𝑇2

𝐶𝑒

d𝐶𝑒

d𝑇
          (A2) 

The principle of isostericity dictates that the adsorbed amount at equilibrium 𝑞𝑒 is constant; on the 

other hand, 𝑞𝑒 depends on temperature and solute’s liquid-phase concentration. It follows that an 

infinitesimal change in 𝑞𝑒 is given by 

d𝑞𝑒 = (
𝜕𝑞𝑒

𝜕𝑇
)

𝐶𝑒

d𝑇 + (
𝜕𝑞𝑒

𝜕𝐶𝑒
)

𝑇
d𝐶𝑒 = 0        (A3) 

which yields 
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−
(

𝜕𝑞𝑒
𝜕𝑇

)
𝐶𝑒

(
𝜕𝑞𝑒
𝜕𝐶𝑒

)
𝑇

=
d𝐶𝑒

d𝑇
          (A4) 

Substitution of Eq. (A4) into Eq. (A2) leads to 

∆𝑖𝑠𝑡𝐻 =
𝑅𝑇2

𝐶𝑒

(
𝜕𝑞𝑒
𝜕𝑇

)
𝐶𝑒

(
𝜕𝑞𝑒
𝜕𝐶𝑒

)
𝑇

          (A5) 

It should be noted that the values of the partial derivatives of 𝑞𝑒 with respect to T and 𝐶𝑒 in Eq. (A5) 

are model-dependent. As an example, let us consider the Langmuir model: in this case it is assumed 

that the adsorption sites are energetically equivalent and that there are no intermolecular forces 

between adsorbate molecules. Hence, the adsorption enthalpy (∆𝐻°) is constant over the whole range 

of adsorbent coverage. The Langmuir isotherm is given by 

𝑞𝑒 =
𝑞𝑚𝐾𝐿𝐶𝑒

1+𝐾𝐿𝐶𝑒
           (A6) 

where 𝑞m and 𝐾L are the monolayer maximum adsorption capacity and the Langmuir equilibrium 

constant, respectively.  

By substituting Eq. (A6) into Eq. (A5) and solving the derivatives of 𝑞𝑒 with respect to T and 𝐶𝑒, one 

obtains 

∆𝑖𝑠𝑡𝐻 =
𝑅𝑇2

𝐾𝐿

𝜕𝐾𝐿

𝜕𝑇
          (A7) 

The explicit dependence of KL on T can be obtained by combining Eqs. (11) and (12) from the main 

part: 

𝐾L = 𝑒
∆𝑆°

𝑅 𝑒−
∆𝐻°

𝑅𝑇           (A8) 

By substituting Eq. (A8) into Eq. (A7) and solving, under the assumption that both ∆𝐻° and ∆𝑆° are 

temperature-independent, we finally get: 

∆𝑖𝑠𝑡𝐻 = ∆𝐻°           (A9) 

As expected, according to the Langmuir model, ∆ist𝐻 is constant and equal to ∆𝐻°. 

 

References 



25 
 

[1] M. Rabe, D. Verdes, S. Seeger, Understanding protein adsorption phenomena at 

solid surfaces, Adv. Colloid Interface Sci. 162 (2011) 87–106. 

doi:10.1016/j.cis.2010.12.007. 

[2] V. Hlady, J. Buijs, Protein adsorption on solid surfaces, Curr. Opin. Biotechnol. 

7 (1996) 72–77. doi:10.1016/S0958-1669(96)80098-X. 

[3] P. Roach, D. Farrar, C.C. Perry, Interpretation of protein adsorption: Surface-

induced conformational changes, J. Am. Chem. Soc. 127 (2005) 8168–8173. 

doi:10.1021/ja042898o. 

[4] M. Pan, L.M. Chu, Adsorption and degradation of five selected antibiotics in 

agricultural soil, Sci. Total Environ. 545–546 (2016) 48–56. 

doi:10.1016/j.scitotenv.2015.12.040. 

[5] I. Pantelelis, D.G. Karpouzas, U. Menkissoglu-Spiroudi, N. Tsiropoulos, 

Influence of soil physicochemical and biological properties on the degradation 

and adsorption of the nematicide fosthiazate, J. Agric. Food Chem. 54 (2006) 

6783–6789. doi:10.1021/jf061098p. 

[6] S. Salvestrini, S. Canzano, P. Iovino, V. Leone, S. Capasso, Modelling the 

biphasic sorption of simazine, imidacloprid, and boscalid in water/soil systems, 

J. Environ. Sci. Heal. - Part B Pestic. Food Contam. Agric. Wastes. 49 (2014) 

578–590. doi:10.1080/03601234.2014.911575. 

[7] T. Chen, Z. Zhu, H. Zhang, Y. Qiu, D. Yin, Cu-O-incorporation design for 

promoted heterogeneous catalysis: synergistic effect of surface adsorption and 

catalysis towards efficient bisphenol A removal, Appl. Surf. Sci. 569 (2021). 



26 
 

doi:10.1016/j.apsusc.2021.151107. 

[8] X. Ren, H. Guo, J. Feng, P. Si, L. Zhang, L. Ci, Synergic mechanism of 

adsorption and metal-free catalysis for phenol degradation by N-doped 

graphene aerogel, Chemosphere. 191 (2018) 389–399. 

doi:10.1016/j.chemosphere.2017.10.076. 

[9] X. Peng, W. Wang, R. Xue, Z. Shen, Adsorption separation of CH4/CO2 on 

mesocarbon microbeads: Experiment and modeling, AIChE J. 52 (2006) 994–

1003. doi:10.1002/aic.10723. 

[10] X. Wang, X. Wang, X. Zhang, W. Fan, Q. Li, W. Jiang, F. Dai, D. Sun, A 

stable interpenetrated Zn-MOF with efficient light hydrocarbon 

adsorption/separation performance, Cryst. Growth Des. 20 (2020) 5670–5675. 

doi:10.1021/acs.cgd.0c00925. 

[11] D. Zhang, X.Z. Jin, T. Huang, N. Zhang, X.D. Qi, J.H. Yang, Z.W. Zhou, Y. 

Wang, Electrospun Fibrous Membranes with Dual-Scaled Porous Structure: 

Super Hydrophobicity, Super Lipophilicity, Excellent Water Adhesion, and 

Anti-Icing for Highly Efficient Oil Adsorption/Separation, ACS Appl. Mater. 

Interfaces. 11 (2019) 5073–5083. doi:10.1021/acsami.8b19523. 

[12] A.E. Burakov, E. V. Galunin, I. V. Burakova, A.E. Kucherova, S. Agarwal, 

A.G. Tkachev, V.K. Gupta, Adsorption of heavy metals on conventional and 

nanostructured materials for wastewater treatment purposes: A review, 

Ecotoxicol. Environ. Saf. 148 (2018) 702–712. 

doi:10.1016/j.ecoenv.2017.11.034. 



27 
 

[13] A.A. Siyal, M.R. Shamsuddin, A. Low, N.E. Rabat, A review on recent 

developments in the adsorption of surfactants from wastewater, J. Environ. 

Manage. 254 (2020). doi:10.1016/j.jenvman.2019.109797. 

[14] F.D. Kopinke, Comments on “Highly Selective Removal of Perfluorinated 

Contaminants by Adsorption on All-Silica Zeolite Beta”, Angew. Chemie - Int. 

Ed. 60 (2021) 13708–13709. doi:10.1002/anie.202100231. 

[15] H.N. Tran, Comments on “High-efficiency removal of dyes from wastewater by 

fully recycling litchi peel biochar”, Chemosphere. 257 (2020) 0–3. 

doi:10.1016/j.chemosphere.2020.126444. 

[16] S. Salvestrini, V. Leone, P. Iovino, S. Canzano, S. Capasso, Considerations 

about the correct evaluation of sorption thermodynamic parameters from 

equilibrium isotherms, J. Chem. Thermodyn. 68 (2014) 310–316. 

doi:10.1016/j.jct.2013.09.013. 

[17] A. Fenti, P. Iovino, S. Salvestrini, Some remarks on “A critical review of the 

estimation of the thermodynamic parameters on adsorption equilibria. Wrong 

use of equilibrium constant in the Van’t Hoof equation for calculation of 

thermodynamic parameters of adsorption” - Journal of Molecular L, J. Mol. 

Liq. 276 (2019) 529–530. doi:10.1016/j.molliq.2018.12.019. 

[18] H.N. Tran, E.C. Lima, R.-S. Juang, J.-C. Bollinger, H.-P. Chao, 

Thermodynamic parameters of liquid–phase adsorption process calculated from 

different equilibrium constants related to adsorption isotherms: A comparison 

study, J. Environ. Chem. Eng. (2021) 106674. doi:10.1016/j.jece.2021.106674. 



28 
 

[19] E.C. Lima, F. Sher, M.R. Saeb, M. Abatal, M.K. Seliem, Comments on 

“Reasonable calculation of the thermodynamic parameters from adsorption 

equilibrium constant, Journal of Molecular Liquids 322 (2021) 114980.”, J. 

Mol. Liq. 334 (2021) 1–5. doi:10.1016/j.molliq.2021.116542. 

[20] Y. Liu, Is the free energy change of adsorption correctly calculated?, J. Chem. 

Eng. Data. 54 (2009) 1981–1985. doi:10.1021/je800661q. 

[21] F.D. Kopinke, A. Georgi, K.U. Goss, Comment on “Mistakes and 

inconsistencies regarding adsorption of contaminants from aqueous solution: A 

critical review, published by Tran et al. [Water Research 120, 2017, 88–116]”, 

Water Res. 129 (2018) 520–521. doi:10.1016/j.watres.2017.09.055. 

[22] K.H. Chu, Revisiting the Temkin Isotherm: Dimensional Inconsistency and 

Approximate Forms, Ind. Eng. Chem. Res. 60 (2021) 13140–13147. 

doi:10.1021/acs.iecr.1c01788. 

[23] S. Salvestrini, P. Iovino, S. Capasso, Comments on “Re-evaluation of the 

century-old Langmuir isotherm for modeling adsorption phenomena in 

solution”, Chem. Phys. 517 (2019). doi:10.1016/j.chemphys.2018.10.005. 

[24] F.D. Kopinke, A. Georgi, K.U. Goss, Comment on “Re-evaluation of the 

century-old Langmuir isotherm for modeling adsorption phenomena in 

solution”, published by Azizian et al. [Chemical physics 513 (2018) 99–104], 

Chem. Phys. 517 (2019) 265–267. doi:10.1016/j.chemphys.2018.10.007. 

[25] I. Shefer, O. Peer-Haim, O. Leifman, R. Epsztein, Enthalpic and Entropic 

Selectivity of Water and Small Ions in Polyamide Membranes, Environ. Sci. 



29 
 

Technol. 55 (2021) 14863–14875. doi:10.1021/acs.est.1c04956. 

[26] M.I. Temkin, The Kinetics of Some Industrial Heterogeneous Catalytic 

Reactions, 1979. doi:10.1016/S0360-0564(08)60135-2. 

[27] I. Langmuir, The adsorption of gases on plane surfaces of glass, mica and 

platinum, J. Am. Chem. Soc. 40 (1918) 1361–1403. doi:10.1021/ja02242a004. 

[28] S. Salvestrini, A modification of the Langmuir rate equation for diffusion-

controlled adsorption kinetics, React. Kinet. Mech. Catal. 128 (2019) 571–586. 

doi:10.1007/s11144-019-01684-9. 

[29] C.J. Pursell, H. Hartshorn, T. Ward, B.D. Chandler, F. Boccuzzi, Application of 

the Temkin model to the adsorption of CO on gold, J. Phys. Chem. C. 115 

(2011) 23880–23892. doi:10.1021/jp207103z. 

[30] E.R.C.T.C.J.G. Frey, B.H.K.K.R. Marquardt, I.M.F.P.M. Quack, J.S.H.L.S.M. 

Takami, A.J. Thor, Quantities, Units and Symbols in Physical Chemistry, RSC 

publishing, 2007. 

[31] V. Rizzi, J. Gubitosa, R. Signorile, P. Fini, C. Cecone, A. Matencio, F. Trotta, 

P. Cosma, Cyclodextrin nanosponges as adsorbent material to remove 

hazardous pollutants from water: The case of ciprofloxacin, Chem. Eng. J. 411 

(2021). doi:10.1016/j.cej.2021.128514. 

[32] C.S.T. Araújo, I.L.S. Almeida, H.C. Rezende, S.M.L.O. Marcionilio, J.J.L. 

Léon, T.N. de Matos, Elucidation of mechanism involved in adsorption of 

Pb(II) onto lobeira fruit (Solanum lycocarpum) using Langmuir, Freundlich and 

Temkin isotherms, Microchem. J. 137 (2018) 348–354. 



30 
 

doi:10.1016/j.microc.2017.11.009. 

[33] Y.S. Kim, J.H. Kim, Isotherm, kinetic and thermodynamic studies on the 

adsorption of paclitaxel onto Sylopute, J. Chem. Thermodyn. 130 (2019) 104–

113. doi:10.1016/j.jct.2018.10.005. 

[34] S. Chianese, A. Fenti, P. Iovino, D. Musmarra, S. Salvestrini, Sorption of 

organic pollutants by humic acids: A review, Molecules. 25 (2020). 

doi:10.3390/molecules25040918. 

[35] M.S. Shamsudin, S.F. Azha, L. Sellaoui, M. Badawi, A. Bonilla-Petriciolet, S. 

Ismail, Performance and interactions of diclofenac adsorption using 

Alginate/Carbon-based Films: Experimental investigation and statistical physics 

modelling, Chem. Eng. J. 428 (2022) 131929. doi:10.1016/j.cej.2021.131929. 

[36] J. Singh, H. Bhunia, S. Basu, CO2 adsorption on oxygen enriched porous 

carbon monoliths: Kinetics, isotherm and thermodynamic studies, J. Ind. Eng. 

Chem. 60 (2018) 321–332. doi:10.1016/J.JIEC.2017.11.018. 

[37] M. Saxena, N. Sharma, R. Saxena, Highly efficient and rapid removal of a toxic 

dye: Adsorption kinetics, isotherm, and mechanism studies on functionalized 

multiwalled carbon nanotubes, Surfaces and Interfaces. 21 (2020) 100639. 

doi:10.1016/J.SURFIN.2020.100639. 

[38] H.N. Tran, S.J. You, A. Hosseini-Bandegharaei, H.P. Chao, Mistakes and 

inconsistencies regarding adsorption of contaminants from aqueous solutions: A 

critical review, Water Res. 120 (2017) 88–116. 

doi:10.1016/j.watres.2017.04.014. 



31 
 

[39] E.C. Lima, A. Hosseini-Bandegharaei, J.C. Moreno-Piraján, I. Anastopoulos, A 

critical review of the estimation of the thermodynamic parameters on 

adsorption equilibria. Wrong use of equilibrium constant in the Van’t Hoof 

equation for calculation of thermodynamic parameters of adsorption, J. Mol. 

Liq. 273 (2019) 425–434. doi:10.1016/J.MOLLIQ.2018.10.048. 

[40] S. Canzano, P. Iovino, S. Salvestrini, S. Capasso, Comment on “Removal of 

anionic dye Congo red from aqueous solution by raw pine and acid-treated pine 

cone powder as adsorbent: Equilibrium, thermodynamic, kinetics, mechanism 

and process design”, Water Res. 46 (2012) 4314–4315. 

doi:10.1016/j.watres.2012.05.040. 

[41] P. Atkins, J. de Paula, J. Keeler, Atkins’ Physical Chemistry, OUP Oxford, 

Oxford, 2017. 

[42] P.S. Ghosal, A.K. Gupta, Thermodynamics of Fluoride Adsorption on 

Aluminum/Olivine Composite (AOC): Influence of Temperature on Isotherm, 

Kinetics, and Adsorption Mechanism, Water. Air. Soil Pollut. 229 (2018) 1–15. 

doi:10.1007/s11270-018-4003-y. 

[43] E.C. Lima, A.A. Gomes, H.N. Tran, Comparison of the nonlinear and linear 

forms of the van’t Hoff equation for calculation of adsorption thermodynamic 

parameters (∆S° and ∆H°), J. Mol. Liq. 311 (2020) 113315. 

doi:10.1016/j.molliq.2020.113315. 

[44] R.T. Cimino, P. Kowalczyk, P.I. Ravikovitch, A. V. Neimark, Determination of 

Isosteric Heat of Adsorption by Quenched Solid Density Functional Theory, 



32 
 

Langmuir. 33 (2017) 1769–1779. doi:10.1021/acs.langmuir.6b04119. 

[45] S. Salvestrini, Analysis of the Langmuir rate equation in its differential and 

integrated form for adsorption processes and a comparison with the pseudo first 

and pseudo second order models, React. Kinet. Mech. Catal. 123 (2018) 455–

472. doi:10.1007/s11144-017-1295-7. 

[46] Y. Chen, J. Tang, S. Wang, L. Zhang, W. Sun, Bimetallic coordination polymer 

for highly selective removal of Pb(II): Activation energy, isosteric heat of 

adsorption and adsorption mechanism, Chem. Eng. J. 425 (2021) 131474. 

doi:10.1016/J.CEJ.2021.131474. 

[47] P. Patanjali, A. Mandal, I. Chopra, R. Singh, Adsorption of cationic dyes onto 

biopolymer-bentonite composites: kinetics and isotherm studies, 

Https://Doi.Org/10.1080/03067319.2020.1849660. (2020). 

doi:10.1080/03067319.2020.1849660. 

[48] Y. Liu, Y. Xiong, P. Xu, Y. Pang, C. Du, Enhancement of Pb (II) adsorption by 

boron doped ordered mesoporous carbon: Isotherm and kinetics modeling, Sci. 

Total Environ. 708 (2020) 134918. doi:10.1016/J.SCITOTENV.2019.134918. 

[49] S. Mohan, V. Kumar, D.K. Singh, S.H. Hasan, Effective removal of lead ions 

using graphene oxide-MgO nanohybrid from aqueous solution: Isotherm, 

kinetic and thermodynamic modeling of adsorption, J. Environ. Chem. Eng. 5 

(2017) 2259–2273. doi:10.1016/j.jece.2017.03.031. 

[50] S.A. Rasaki, B. Zhang, S. Liu, T. Thomas, M. Yang, Nanourchin ZnO@TiCN 

composites for Cr (VI) adsorption and thermochemical remediation, J. Environ. 



33 
 

Chem. Eng. 6 (2018) 3837–3848. doi:10.1016/J.JECE.2018.05.040. 

[51] A. Fenti, S. Chianese, P. Iovino, D. Musmarra, S. Salvestrini, Cr(VI) sorption 

from aqueous solution: A review, Appl. Sci. 10 (2020). 

doi:10.3390/APP10186477. 

[52] S. Salvestrini, A. Fenti, S. Chianese, P. Iovino, D. Musmarra, Diclofenac 

sorption from synthetic water: Kinetic and thermodynamic analysis, J. Environ. 

Chem. Eng. 8 (2020) 104105. doi:10.1016/j.jece.2020.104105. 

 

[53]   M.N. Nguyena, P.G. Weidlerb, R. Schwaigerc, A.I. Schaefer, Interactions 

between carbon-based nanoparticles and steroid hormone micropollutants in 

water, J. Hazard. Mat. 402 (2021) 122929. 

https://doi.org/10.1016/j.jhazmat.2020.122929. 

 

 


