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Abstract: 

The adsorption equilibrium, kinetics, and thermodynamics of removal 

of 2,4-dichlorophenoxy-acetic acid (2,4-D) from aqueous solutions by a 

calcined Zn–Al layered double hydroxide incorporated with Zr4+ were studied 

with respect to time, temperature, pH, and initial 2,4-D concentration. Zr4+ 

incorporation into the LDH was used to enhance 2,4-D uptake by creating 

higher positive charges and surface/layer modification of the adsorbent. The 

LDH was capable of removing up to 98% of 2,4-D from 5 to 400 ppm aqueous 

at adsorbent dosages of 500 and 5000 mg L−1. The adsorption was described 

by a Langmuir-type isotherm. The percentage 2,4-D removed was directly 

proportional to the adsorbent dosage and was optimized with 8% Zr4+ ion 

content, relative to the total metals (Zr4+ + Al3+ + Zn2+). Selected mass 

transfer and kinetic models were applied to the experimental data to examine 
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uptake mechanism. The boundary layer and intra-particle diffusion played 

important roles in the adsorption mechanisms of 2,4-D, and the kinetics 

followed a pseudo-second order kinetic model with an enthalpy, ΔHads of 

−27.7 ± 0.9 kJ mol−1. Regeneration studies showed a 6% reduction in 2,4-D 

uptake capacity over six adsorption–desorption cycles when exposed to an 

analyte concentration of 100 ppm. 

Keywords: sol-gel synthesis, layered double hydroxides, adsorption, 2,4-

dichlorophenoxyacetic acid, Langmuir isotherm. 

1. Introduction 

The herbicide 2,4-dichlorophenoxy acetic acid (2,4-D), a well 

known endocrine disruptor [1], is still commonly used because of its 

low cost and good selectivity. Applications include control of broad leaf 

weeds in cereal crops, pastures and in gardens [2]. Extensive use and 

poor biodegradability of 2,4-D has resulted in its ubiquitous presence 

in the environment and has led to contamination of surface and 

ground waters [3]. It is considered moderately toxic and the maximum 

allowable concentration in drinking water is 30 ppb [4]. Methods for 

removal of 2,4-D from water and soils include photo catalytic 

degradation, physical–chemical and biological methods. The use of 

layered double layered hydroxides (LDHs) as alternative materials for 

the removal of 2,4-D from water has been explored [2], [5], [6], [7], 

[8], [9] and [10]. 

LDHs are a group of inorganic layered materials consisting of 

brucite-like layers. They can be represented by the general 

formula:[𝑀1−𝑥
2+ 𝑀𝑥

3+(𝑂𝐻)2]𝑥+[𝑋𝑥

𝑚

𝑚−. 𝑛𝐻2𝑂], where M2+ and M3+ are divalent and 

trivalent cations that occupy octahedral positions in the brucite-like 

layer, and Xm− is an interlayer anion [5]. LDHs can take up anions 

from solution by three different mechanisms: interlayer anion 

exchange, surface adsorption, and reconstruction of the calcined LDH 

by the “memory effect” [11]. The regeneration capacity of layered 

double hydroxides after calcinations and its capability to uptake anions 

through different mechanisms makes them very good candidates for 

removing anionic pollutants. In this paper we present a study of the 

adsorption of 2,4-D by Zr4+-incorporated Zn/Al LDH, demonstrating 

the ability to optimize adsorption capacity by modifying the metal ion 

composition of the metal hydroxide layer in a ternary LDH. 
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2. Materials and methods 

2.1. LDH synthesis 

LDHs with various Zn:Al:Zr atomic ratios and carbonate anions 

were synthesized by the co-precipitation method [12] at room 

temperature by reacting aqueous solutions containing a mixture of 

Zn(NO3)2, Al(NO3)3·9H2O and ZrCl4. A solution containing 0.3 mol L−1 

Na2CO3 and 2 mol L−1 NaOH was added slowly to the precursor 

solutions under vigorous stirring while maintaining the pH between 8 

and 8.5. The resulting slurries were stirred at 70 °C for 1 h, filtered 

and washed with water until filtrate was pH 7, and then dried at 80 °C 

and then calcined at 280 °C for 1 h before use. 

2.2. LDH characterization 

Powder X-ray diffraction (PXRD) studies were conducted on a 

Rigaku Miniflex 2 diffractometer, in the Bragg θ–2θ geometry, 

equipped with a Cu Kα radiation (λ = 1.5418 Å), operating at a voltage 

of 30 kV and a current of 15 mA using angular step sizes of 0.083° 

(2θ) from 2° to 85°. The average crystallite sizes were evaluated using 

the (0 0 3) reflection with the Debye–Scherrer method [13]. Metals 

composition analysis was performed using a Perkin Elmer ICP-AES 

5300 DV instrument. The carbon and hydrogen analysis were 

performed at Huffman Labs on a custom built analyzer which uses 

coulometric detection as described in [14]. The elemental analysis 

results are shown in Tables S1 and S2 in Supporting information. 

Ultraviolet–visible (UV–Vis) diffuse reflectance spectra (DRS) of the 

powders were obtained using a Perkin Elmer Lambda 35 spectrometer 

(see Fig. S1 in Supporting information). 

2.3. Determination of point of zero charge pH (pHpzc) 

The point of zero charge pH (pHpzc) was determined following 

the procedure described by Sharma and coworkers [15]. 0.01 mol L−1 

NaCl was prepared and its pH was adjusted to between 2 and 12 using 

HCl and NaOH. 50 mL of the approximately 0.01 mol L−1 NaCl 

solutions was mixed with 0.2 g of the ZnAlZr LDH and left for 48 h and 

then the pH was measured using an Orion 3 Star pH meter. The initial 
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pH was then plotted against the final pH and the point where this 

curve intersects the plot of pHinitial = pHfinal is the pHpzc. 

The effect of the initial solution pH on the adsorption of 2,4-D 

was evaluated using an adsorbent dosage of 500 mg L−1 and 100 ppm 

2,4-D solutions. The pH was initially adjusted with 0.01–1 mol L−1 

HNO3 and NH4OH solutions. The resulting LDH suspensions were left to 

stand at room temperature for 24 h and the concentrations of 2,4-D 

remaining in solution were then determined by ultraviolet–visible (UV–

Vis) spectroscopy monitoring the 2,4-D absorption peak at 283 nm. 

2.4. Sorption experiments 

The sorption of 2,4-D was studied by batch-type equilibrium 

experiments at room temperature. 2,4-D solutions, with 

concentrations ranging from 100 to 2000 ppm, were prepared by 

dissolving 2,4-dichlorophenoxyacetic acid in 2% ethanol in water 

solution. The pH of the solutions varied from 3.2 to 3.69 depending on 

2,4-D concentration. Different amounts (70–500 mg) of Zn–Al–Zr–CO3 

were dispersed in 100 mL of the 2,4-D solutions; when the sorbents 

were added the pH increased to 7–7.5. The flasks were left standing 

until equilibrium was reached; 8 h was found to be sufficient for this 

purpose. The suspension was then filtered and the filtrate was 

analyzed for 2,4-D concentration. The amount of adsorption q was 

calculated by [10]: 

𝑞𝑡 =  
(𝐶𝑖−𝐶𝑡)𝑉

𝑚
         Equation  (1) 

where Ci is the initial 2,4-D concentration and Ct is the concentration 

at time (t) in solution, m is the mass of the sorbent and V is the 

volume of solution. 

2.5. Effect of pH on adsorption 

The effect of the starting solution pH on the adsorption of 2,4-D 

was evaluated using 100 ppm solutions at an adsorbent dosage of 

500 mg L−1. The starting solution pH was initially adjusted with 0.01–

1 mol L−1 HNO3 and NH4OH solutions and was determined by an Orion 
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3 Star pH meter. The resulting LDH suspensions were left standing for 

8 h and then residual 2,4-D left in solution was analyzed as above. 

2.6. Effect of competing anions 

One hundred parts per million of 2,4-D solutions were prepared 

with 0.005–0.1 mol L−1 of competing ions. The competing anions, I−, 

Cl−, ClO4-, CH3COO−, S2O32-, CO32-CO32-, and PO43-

, were prepared from their corresponding sodium salts. In the pH 

range used in this study, the main phosphate ion which competed with 

2,4-D was HPO42- and the carbonate ion was HCO3-. A 

LDH adsorbent dose of 500 mg/L was added to each solution and the 

samples were sealed and left at room temperature for 8 h and then 

analyzed as above. 

2.7. Regeneration/re-use experiments 

For regeneration testing, 0.5 g of the LDHs exposed to 500 ppm 

2,4-D for 8 h were mixed with 100 ml of 50% ethanol in water solution 

and agitated for 1 h at 50 °C. The solid sorbents were then filtered and 

calcined at 280 °C for 2 h. They were then characterized by PXRD and 

finally subjected to successive adsorption- desorption cycles. 

3. Results and discussion 

3.1. Characterization of the calcined and uncalcined 

LDH 

Representative PXRD patterns of the Zn:Al:Zr LDH with Zn:Al:Zr 

atomic ratios ranging from 3:1:0 to 3:0.60:0.40 are shown in Fig. 1. 

Elemental analysis results are provided as Supporting information. The 

PXRD patterns of the Zn–Al–Zr–CO3 showed three equally spaced 

peaks at 2θ values of 11.5°, 23° and 34.5° consistent with 

hydrotalcites (JCPDS:41-1428) with a hexagonal crystal structure 

[16]. 
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Fig. 1. XRD patterns of the ZnAlZr-LDH samples with different Zn:Al:Zr ratios used 

during synthesis (a) 3:1:0, (b) 3:0.85:0.15, (c and d) 3:0.67:0.33, (e) 3:0.60:0.40. 

The mean crystallite sizes were 20.5 ± 1.7, 18 ± 1.2, 13.5 ± 0.9 and 11.2 ± 2.1 nm 

for (a, b, d and e) respectively. Samples (a, b, d and e) were uncalcined and (c) was 

calcined at 280 °C. The phase at 280 °C, while not well crystallized, is consistent with 

ZnO. 

The crystallinity and the mean crystallite size, as determined 

with the Scherrer equation, decreased with increasing the Zr content 

(see Fig. 1 caption). The decrease in mean crystallite size with 

increasing Zr content is likely related to the surface charge, with 

electrostatic forces thus playing a role in controlling crystal growth. A 

higher Zr content would increase the charge density of the LDH and 

consequently causing an increase in the magnitude of the zeta 

potential, the higher the zeta potential the smaller the particle size. 

Similar effects have been observed on surface nucleation of tin 
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hydroxides prepared through a sol–gel technique using stannous 

chloride [17]. This decrease may also be attributed to the formation of 

amorphous zirconium species on the LDH surface. 

The temperature at which the LDH is calcined should be 

sufficiently high to eliminate most of the carbonate anions and any 

other anions in the interlayer region and low enough that it does not 

preclude the structural reconstruction. A temperature of 280 °C was 

chosen for the calcination temperature based on thermo gravimetric 

analysis (TGA) and differential scanning calorimetry (DSC) shown in 

Supporting information (Figs. S2 and S3). TGA shows that the loss of 

interlayer CO32- takes place at about 275 °C and this is further 

supported by the exothermic DSC peak between 200 and 275 °C. 

By substituting Al3+ (0.053 nm) with Zr4+ which has a larger 

ionic radius (0.072 nm), an increase in the lattice a parameter is 

expected. The lattice parameter, a, was calculated using a = 2 d(110) 

[18] and the values were in the range of 0.3074–0.3079 nm. These 

values are consistent with Zr-free samples [19], contrary to 

expectation. However, Tichit and coworkers have also reported the 

similar findings within the same Zr4+ range; Zr4+ incorporation into 

Mg–Al LDHs did not have an observable effect on the lattice, a 

parameter [20]. The invariance of the a parameter maybe due to the 

formation of a separate hydrozincite phase not detectable by PXRD. 

UV–Vis DRS was used to evaluate whether there was any 

significant solid–solid phase separation [19] and results are shown in 

more detail in Supporting information (Fig. S4). Evidence was obtained 

for a charge transfer band involving isolated Zr4+ species [21] and [22] 

but not for the characteristic ZrO2 band at 230 nm [23] and [24]. This 

is also supported by PXRD results which do not show the existence of a 

ZrO2 phase. 

 

3.2. Effect of Zr content on 2,4-D removal 

Zr4+ has been shown to modify the layer charge and induce 

higher basicity of mixed oxides as a result of the formation of Zr4+–O2− 

acid–base pairs [22]. In addition, it has also been shown to improve 

the adsorption properties of complex carbon mineral adsorbents [25]. 
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Fig. 2 shows the amount of 2,4-D removed as a function of Zr4+ 

content. LDHs with no Zr exhibited very poor 2,4-D adsorption. 

 

Fig. 2. Percentage 2,4-D removal as a function of Zr4+ content used during 

synthesis. The initial 2,4-D concentration was 300 ppm and the adsorbent dosage was 

5000 mg L−1. 

The amount adsorbed increased with increasing Zr content up to 

a Zr4+/(Zr4+ + Zn2+ + Al3+) fraction of 0.083 and then decreased with 

further increases in Zr content. The mechanism behind the 

enhancement of adsorption with Zr is not yet well understood. One 

possibility is that Zr4+ ions occupy interstitial sites within the LDHs 

and, as a result, lower the LDHs surface potential, hence lowering the 

energy for 2,4-D adsorption. At higher Zr levels, the crystallinity as 

well as the adsorption capability of the LDHs decreases. This decrease 

may be attributed to solid–solid phase separation between the Zr and 

the LDH and as a result other amorphous phases might be beginning 

to form. This kind of phase separation is not uncommon at the 

nanoscale level [26]. No change was observed in the PXRD patterns 

after exposure of the LDHs to solutions containing 2,4-

dichlorophenoxyacetic acid (see Fig. S4 in Supporting information). 

This indicates that adsorption, rather than anion exchange, is the 

dominant mode of uptake. 

An LDH with a Zn:Al:Zr ratio of 3:0.67:0.33 and molecular 

formula Zn4.4AlZr0.3(CO3)1.1(OH)10.81.7H2O (see Tables S1 and S2 in 
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Supporting information for the detailed elemental analysis results) and 

calcined at 280 °C was found to be the best at removing 2,4-D and all 

studies were performed using this mixed oxide. 

3.3. Adsorption kinetics 

The adsorption kinetics were investigated to determine the 

equilibrium time for 2,4-D sorption onto the LDH at room temperature. 

Experiments were carried out with an initial 2,4-D concentration of 

100 mg L−1 and different adsorbent dosages which ranged from 0.07 

to 5 g L−1. The time required to reach equilibrium was between 1–5 h 

and was inversely proportional to the adsorbent mass as can be seen 

in Fig. 3. At higher adsorbent dosage (5000 mg L−1) the uptake is 

quicker and higher in terms of the amount of 2,4-D removed because 

of the availability of many adsorption sites. At lower adsorbent 

dosages, as seen in the case of 70 mg L−1, there are a limited number 

of sites for the same 2,4-D concentration. As a result the adsorption 

process is slow and amount of 2,4-D removed from solution is low. 

 

Fig. 3. Amount of 2,4-D left as a function of time at different adsorbent masses. 

For sorption that is preceded by diffusion through a boundary, 

the kinetics likely follows the pseudo-first or pseudo-second order 

Lagergren equations expressed as Eqs. (2) and (3) respectively 

[27] and [28]. 
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log(𝑞𝑒 − 𝑞𝑡) = log 𝑞𝑒 − (
𝑘1

2.303
) 𝑡                         (2) 

 

 

𝑡

𝑞𝑡
=  

1

𝑘2𝑞𝑒
2 + (

1

𝑞𝑒
) 𝑡                         (3) 

 

where qe and qt are the amounts of 2,4-D adsorbed at equilibrium in 

mg/g, and at time t in h, respectively, k1 and k2 are the pseudo first-

order rate constant (h−1) and second order rate constant (g mg−1 h−1) 

respectively. The pseudo-first and -second order constants and 

correlation coefficients, are determined from the linear plots of ln 

(qe − qt) and t/qt against time and are shown in Fig. S5 of the 

Supporting information). The pseudo-first order model did not fit the 

data as well as the pseudo-second order model as indicated in the 

results shown in Table 1. 

 

Table 1. Comparison of the pseudo-first and pseudo-second order rate constants 

and calculated and experimental qe values obtained at different adsorbent dosages. 

From the second order model, increasing the adsorbent mass 

caused an increase in the sorption rate and this could be due to an 

increase in the number of available adsorption sites as adsorbent mass 

is increased. 

3.4. Adsorption mechanism 

The 2,4-D removal sorption can be described as a four step 

process involving; (i) transport of the 2,4-D in the bulk solution, (ii) 

http://dx.doi.org/10.1016/j.jcis.2011.07.002
http://epublications.marquette.edu/
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subsurface region diffusion, (iii) migration of sorbate within the pores 

of the LDH (intra-particle diffusion), and (iv) binding of the 2,4-D on 

the active sites [29] and [30]. The slowest of these steps determines 

the overall rate of the adsorption process. When intra-particle diffusion 

plays a major role in the adsorption process the rate of diffusion is a 

function of t1/2 and according to Weber and Morris can be defined as 

follows [31]: 

                         

𝑞𝑡 = 𝑓 (
𝐷𝑡

𝑟𝑝
2)

1/2

=  𝑘𝑖𝑑𝑡1/2             (4) 

 

where rp is particle radius, D is the effective diffusivity of solutes within 

the particle, kid (mg g−1 h1/2) is the intra-particle diffusion rate 

constant. 

Fig. 4 shows the plot of amount adsorbed, qt (mg g−1), versus 

t1/2. The sorption process is not a one-step process as evidenced by 

the curvature in these plots. 

 

Fig. 4. Intra-particle diffusion plots for 2,4-D adsorption on ZnAlZr LDH at 

different adsorbent dosages 

The initial phase of the adsorption can be attributed to 

instantaneous external diffusion, whereas the second portion indicates 

a relatively slower adsorption when the adsorbate diffuses gradually 

http://dx.doi.org/10.1016/j.jcis.2011.07.002
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into the interior surfaces of the particles and the adsorption becomes 

intra-particle diffusion controlled [32]. When equilibrium is reached, 

the intra-particle diffusion slows down due to saturation of most of the 

adsorption sites and this is evidenced by the plateaus. 

The slope of the second portion of the plot (Fig. S6 in 

Supporting information) defines the intra-particle diffusion rate 

constant and the intercept reflects the boundary layer effect. The 

results are consistent with intra-particle diffusion not being the sole 

rate-controlling factor. The adsorption of 2,4-D by the ZnAlZr LDH 

appears to be a complex process, involving both boundary layer and 

intra-particle diffusion. 

3.5. Adsorption isotherms 

The sorption of 2,4-D by the Zn/Al/Zr ternary LDH was 

evaluated by fitting to Langmuir isotherm of the type [33]:        

𝑞𝑒 =  
𝑞𝑚𝑎𝑥𝐾𝐶𝑒

1+𝐾𝐶𝑒
              (5) 

where qe is the amount adsorbed at equilibrium in mg g−1 and Ce is the 

concentration at equilibrium, K is the adsorption equilibrium constant 

(L mol−1) and qmax is the maximum amount removed from solution. By 

plotting qe versus Ce ( Fig. 5), reasonably good fits were obtained 

indicating the general conformity of the data to the Langmuir 

isotherm. 
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Fig. 5.  Adsorption isotherms of 2,4-D adsorption on ZnAlZr-LDH. 

The Langmuir constants K and qmax, determined using non-linear 

least squares analyses, are shown in Table 2. 

 

Table 2. Langmuir parameters for the adsorption of 2,4-D by different masses of 

the ZnAlZr LDH in 1 L solution. 

Conformity of the 2,4-D adsorption data to the Langmuir model 

indicates that the sorbate–sorbent interaction was much stronger than 

the solvent–sorbent interaction at the adsorption sites [34]. The 

affinity constant, K, changes with the adsorbent mass, 0.8 and 

2.7 mmol L−1 for 500 mg L−1 and 5000 mg L−1 adsorbent respectively. 

This is an indication that the type of interaction between the LDH and 

the herbicide is not the same when adsorbent mass is changed. 

However, the maximum amount (qmax) adsorbed remains constant. 

Table 3 compares the adsorption capacity of different adsorbents used 

for the removal of 2,4-D. From the comparison of the adsorption 

capacity, qmax, the ZnAlZr ternary LDH in this study is larger than 

those in most previous work. 

The heat of adsorption ΔH for the sorption of 2,4-D onto ZnAlZr-

LDH can be calculated from the temperature dependence of the 

equilibrium adsorption constant, K, by the Clausius-Claperyon equation 

[35]:                

𝜕𝑙𝑜𝑔𝐾

𝜕(
1

𝑇
)

= −
−ΔH𝑎𝑑𝑠

2.303𝑅
       (6) 

A plot of log K versus 1/T (see insert in Fig. 6), should be linear 

with slope −ΔHads/2.303R and intercept ΔSads/2.303R. ΔHads was found 

to be −27.7 ± 0.9 kJ mol−1 while ΔSads was −0.047 ± 0.05 kJ K−1mol−1 

giving a Gibbs free energy of −14.1 ± 0.5 kJ mol−1. The ΔHads is 

approximately of the same as those reported for the adsorption of 2,4-
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D on other surfaces. Ackay et al. [36] reported a 2,4-D adsorption 

enthalpy on dodecylammoniumsepiolite of −24.6 kJ mol−1 and Sexton 

and Haque [37] reported −8.4 kJ mol−1 on humic acid. The relatively 

low heat of adsorption suggest that 2,4-D adsorption was a physical, 

van der Waals or hydrogen bond type [38]. From temperature 

dependent studies ( Fig. 6), the adsorption increased with increasing 

temperature up to 60 °C and then decreased when temperatures 

>60 °C. This type of behavior is usually displayed in systems where 

there is a weak interaction between sorbent and adsorbate. 

 

Fig. 6. Temperature dependent adsorption of 2,4-D onto the ZnAlZr-LDH. Insert 

shows the plot of log K vs 1/T used to determine the thermodynamic parameters of 

adsorption. The initial 2,4-D concentration was 100 ppm and the adsorbent dosage 

was 500 mg L−1. 

 

3.6. Effect of pH and competing anions 

The effect of initial pH on the adsorption of 2,4-D, from 

solutions with an initial concentration of 100 ppm, on the LDHs is 

shown in Fig. 7. The data indicate that the amount of 2,4-D adsorbed 

is maximized in the pH range 2–8.5. At pH > 9, the adsorption 

decreases sharply with increasing pH. The pH at point of zero charge, 

(pHpzc), which indicates the electrical neutrality of the adsorbent 

surface at particular pH for the calcined Zn/Al/Zr LDH, was 9.2. The 
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surface of an LDH is negatively charged when pH > pHpzc[39]. At 

pH > 9, 2,4-D ionizes to the oxyanion form and as result is repelled 

from the surface hence the decrease in the amount of 2,4-D adsorbed 

at pH greater than 9. 

 

Fig. 7.  Effect of pH on 2,4-D removal. 
 

Fig. 8 shows the adsorption of 2,4-D in the presence of competing 

anions. 
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Fig. 8. Effect of competing anions and concentration on the adsorption of 2,4-D on 

ZnAlZr-LDH with an initial concentration of 100 ppm and an adsorbent dosage of 

5000 mg L−1. 

In the absence of competing anions 98% of the herbicide was 

removed from a 100 ppm solution by an adsorbent dosage of 

5000 mg L−1. A higher concentration (0.005–0.1 mol L−1) of ions than 

what is found in most natural waters [39] is used here in order to 

clearly observe the trends in competitive uptake. The experimental 

data indicate that 𝐻𝑃𝑂4
2− (introduced as Na3PO4) [40] has the greatest 

effect on adsorption of 2,4-D onto the ZnAlZr LDH. Carbonates were 

introduced through Na2CO3. In this case, 𝐶𝑂3
2− and 𝐻𝐶𝑂3

− coexist in the 

solutions in the concentration range used, so the term carbonates 

represent both 𝐶𝑂3
2−and 𝐻𝐶𝑂3

− with the latter being the main ions 

present in solution [41]. The extent of 2,4-D adsorption decreased in 

the order:  𝐼− < 𝐶𝑙𝑂4
− < 𝐶𝑙− < 𝐶𝐻3𝐶𝑂𝑂− <

𝐻𝐶𝑂3
−

𝐶𝑂3
2− < 𝐻𝑃𝑂4

2−. Generally LDHs 

have greater affinity for ions with greater charge density [42]. 

 

3.7. Desorption and recovery studies 

Desorption is an important feature of a material for its repeated 

use for the removal of contaminants. After 2,4-D exposure, the ZnAlZr 

LDH was washed with 50% ethanol–water solution to help aid the 2,4-

D desorption from the LDH surface and then heated at 280 °C for 4 h 

in air. At this temperature, 2,4-D is decomposed and thus removed 

from the adsorbent. When the LDH was heated at 280 °C it 

temporarily lost its layered structure only to reconstitute after being 

added to water (see Fig. S4 in Supporting material). The reconstituted 

LDH was capable of removing 2,4-D to nearly the same extent as the 

original material. For six cycles of adsorption and desorption starting 

with an initial 2,4-D concentration of 100 ppm there was a 6% 

reduction in the amount of 2,4-D removed by the regenerated LDH. 

When the initial concentration of 2,4-D was increased to 1000 ppm the 

reduction over six cycles was 25%. These results demonstrate that a 

higher 2,4-D concentration shortens the effective lifetime of the 

adsorbent. 
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4. Conclusions 

Calcined ZnAlZr ternary LDH can be used for the removal of 2,4-

D from aqueous solutions. The LDH was capable of removing up to 

98% of 2,4-D from solutions whose initial concentrations were 

between 5 and 400 ppm. The percentage removed was directly 

proportional to the amount of adsorbent but decreased in the presence 

of competing ions. The adsorption is spontaneous as indicated by ΔHads 

which is −27.7 kJ mol−1 and follows pseudo-second order kinetics. The 

adsorption mechanism can be summarized as complex with some 

intra-particle diffusion and the adsorption is described by the Langmuir 

type isotherm. Recovery through thermal decomposition lowers the 

probability of the pollutant finding its way back into water systems. 
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Figure S1. Thermogravimetric analysis of the fresh and 2,4-D exposed ZnAlZr 

LDH 

 

Figure S2. DSC results for the ZnAlZr-LDH sample with Zn:Al:Zr ratio of 

3:0.67:0.33 after it had been exposed to 200 ppm 2,4-D. 
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Figure S3. UV-VIS diffuse reflectance spectra of ZrO2 and ZnAlZr with different 

Zn:Al:Zr ratios. 

At higher Zr4+ level, a chemical complexity may arise due to solid-

solid phase separation [1] of a thin shell of ZrO2 from the LDH. To 

examine such a possibility and gain more information on the 

distribution of Zr4+ within the LDHs, UV-VIS DRS studies were carried 

out and the results are shown in Figure S3. All the LDH samples 

exhibited a single moderate band around 210 nm which is attributed to 

charge transfer involving isolated Zr4+ species [2, 3]. The absence of 

a pure ZrO2 band at 230 nm [4, 5] in all the LDHs samples, rules out 

the existence of significant amounts of ZrO2 within the LDHs. This is 

also supported by PXRD results which do not show the existence of a 

2-→Zr4+ ligand to metal charge transfer (LMCT) transitions. 
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Figure S4. Adsorption kinetics models (a) pseudo-first order (b) pseudo-second 

order. 

 

Figure S5. Intra-particle diffusion plots for adsorption of 2,4-D on ZnAlZr LDH for 

different adsorbent masses. 

The calculated intra-particle diffusion constant, kid, values were 

75.3±4.1, 19.6±2.4 and 8.2±0.9 mg g-1 h1/2 and intercept values 
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were 16, 56 and 22 for 70, 500 and 5000 mg L-1 adsorbent dosage, 

respectively. At low adsorbent dosage there is a greater contribution of 

the surface sorption in the rate limiting step as indicated by the larger 

intercept value. The contribution gets smaller when the adsorbent 

mass is increased. This, together with the fact that the intercept does 

not pass through the origin is an indicator that intra-particle diffusion 

is not solely rate controlling. 

 

Figure S6. XRD diffractogram of ZnAlZr-LDH (a) as synthesized (b) and (d) 

Heated at 280oC after 2,4-D exposure, one and two cycles respectively. (c) and (e) 

Reconstituted in water after heating at 280oC, one and two cycles respectively.The 

phase at 280oC cannot be identified because the peaks are not well defined for 

indexing but is very likely a ZnO phase. 

Finally, we note that no change is observed in the PXRD patterns after 

exposure of the LDHs to solutions containing 2,4-D. This indicates that 

adsorption, rather than anion exchange, is the dominant mode of 

uptake. 
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Table S1. Sample 1: ZnAl LDH without Zr, dried at 80oC. 

 

Sample 1 calculated Formula: Zn3Al(CO3)0.7(OH)7.61.4H2O 

Table S2. Sample 2: ZnAlZr LDH dried at 80oC 

 

Sample 2 calculated formula: Zn4.4AlZr0.3(CO3)1.1(OH)10.81.7H2O 

Table S3. Sample 3 calcined at 80oC. 

 

Sample 3 calculated formula: Zn3.0AlZr0.3(CO3)0.5(OH)9.1.0.4H2O 
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Table S4. Sample 4 calcined at 80oC. 

 

Sample 4 calculated formula: Zn4.2AlZr0.5(CO3)1.2(OH)11.0.5H2O 

Sample 2 calcined at 280oC with a molecular formula of 

Zn4.3AlZr0.3(CO3)0.3(OH)3.5O4.5 was used for all the adsorption 

experiments. 
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