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Abstract: The effect of a two-pot postsynthetic modification of MOF with a modified LDH 
on the adsorption of Pb ions was investigated. Co-MOF was postsynthetically modified with 
an amino- silane substituted LDH and applied for the adsorption of Pb from aqueous 
solution. Synthetic and postsynthetic products were characterized by FTIR, PXRD and 
TGA/DTA. Blueshifts and redshifts of existing FT-IR bands in the PSM product in relation 
to that of the precursors confirmed the modification. PSM product was stable at temperatures 
up to 400ºC after a slight loss of surface water at low temperatures Adsorption capacity with 
respect to time at equilibrium was 34.58 mg/g, representing 87% of adsorbate uptake by the 
PSM Co-MOF. Equilibrium sorption data was better correlated by the Temkin model with 
a heat of sorption at 33.72 J/mol.  Kinetic modelling was most favoured by the pseudo 
second order, and diffusion by film diffusion model. 

1. Introduction 

As the scale of industrialisation and technology soars to meet up social and economic 
demands, the side effects of effluent wastes remain a thing of concern to stakeholders and the 
public[1, 2]. While chemical substances used for industrial production and processes provide 
significant and helpful human application, their environmental effects leave less to be desired[3, 4]. 
For this reason, much attention has been and is still given to the synthesis or preparation of new 
materials to confront the challenge of environmental chemical pollutants such as heavy metals and 
soluble organic effluents[5].   
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Metal-organic frameworks [6] are a class of compounds that has received great attention for various 
applications such as gas adsorption, catalysis, separation, drug delivery[7]. The crystalline and porous 
structure of the MOFs make them suitable compounds for such applications[8]. Their open structure 
makes them accessible to other reactants resulting in modulated derivatives that can have improved 
properties[9].  In addition to the different synthetic approaches, chemical modification of already 
prepared MOFs has also gained attention over the years[7]. Structures of MOFs prepared by in-situ 
or ex-situ designs could be enhanced for better application by composing with organic function or 
metal ions.  
Layered double hydroxides[6] are natural or synthetic anionic clays with sheets of hydroxides of 
divalent or trivalent metal ions whose charges are counterbalanced by anions found together with 
water molecules in the interlayer. They have the general formula ( ) OnHAOHMM nx

nx
xx 2/2
32

1 .][][ −+++
−

, where M2+  and M3+  are divalent and trivalent metal cations respectively; An- is an interlayer anion 
of charge n and x is the molar fraction of the trivalent cation, M3+/[M2+ + M3+] with the value range 
of 0.2 < x < 0.33[10]. Their two dimensional, layered crystalline structure provides sites and surfaces 
for insertion of guest molecules and ions through functionalisation, modification and ion exchange 
methods. Thus their structural modification with other moieties can result in useful composites for 
various applications[11] [12].  
MOFs and LDHs have in the recent past been combined to form nanocomposites for various 
applications[6] [13]. The most widely used method for preparing these nanocomposites is the in situ 
precursor conversion method [14] [15], in which the precursors of the MOF are mixed with the as-
prepared LDH under set conditions to form the composite of the LDH/MOF. However, ex situ 
methods involving the direct chemical linkage of the as-prepared products are rare. The 
postsynthethic modification[16] is an ex situ method that brings together prepared compounds with 
the intent of overcoming the effects of functionalities in porous materials [17]. While there are some 
works on the hybridization [8] [13], few literature exist in the area of composites of MOFs and LDHs 
obtained by postsynthetic modification. Procedures involving in-situ precursor conversion obtained 
the postsynthetic modified composite of ZIF-8-ZnAl-NO3  [18]. 
In this paper, we describe the ex situ postsynthetic modification of  Co–metal-organic framework 
(Co-MOF) by an amine-silane modified CoZnAl Layered double hydroxide (LDH)  for a composite 
applied for the removal of Pb from aqueous solution.   

2. Materials and Methods 

2.1 Materials 

Analytical grade reagents were used throughout this study. Cobalt nitrate hexahydrate 
(Riedel-deHaen, Germany), Zinc nitrate hexahydrate Merck, Germany), Aluminium nitrate 
nonahydrate, Sodium carbonate, and Sodium hydroxide (Sigma–Aldrich, Germany), Toluene, 2-
aminopropylethoxysilane(APTES)(Sigma-Aldrich,Germany). Methanol,dimethylformamide (DMF) 
and terephthalic acid were used without further purification. 

2.2 Synthesis of CoZnAl-LDH 

The CoZnAl-LDH intercalated with carbonate was synthesised by the method used in[1, 19]. 
Typically, a mixed solution (400 mL) containing Co(NO3)2.6H2O (0.02mol/L), Zn(NO3)2.6H2O 
(0.02mol/L) and Al(NO3)3.9H2O (0.02mol/L) was added dropwise to a vigorously stirred mixed 
solution (400 mL) of NaOH (0.1mol/L) and Na2CO3 (0.02mol/L) at 40 ºC. The resulting gel was aged 
for 21 h under continuous stirring to allow for crystal growth. The crystals were then washed 
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repeatedly with deionised water by centrifuging at 4000 rpm for 5 min., followed by drying at 90 ºC 
for 17 h. The final product was called CoZnAl–CO3 LDH and preserved for further use. 

2.3 Synthesis of Co-MOF 

Cobalt nitrate hexahydrate (CoNO3)2.6H2O (0.0138mol) and terephthalic acid (0.0138 mol) 
were dissolved in 80 mL of dimethylformamide (DMF) with mild stirring. The system was sealed 
and refluxed for eight hours at 100 oC. Resulting crystals were collected by centrifugation, washed 
with methanol at least three times and oven dried at 75 ºC for 45minutes and preserved for further 
use. 

2.4 Modification of LDH 

202.8 mg of carbonate intercalated CoZnAl -LDH was added to a 250 mL three-neck reaction 
flask containing 40 mL of toluene and 10 mL of (3-aminopropyl) triethoxysilane [APTES]. The 
mixture was heated to refluxing temperature for 4.5 h and was cooled for 30 minutes. The resulting 
liquid mixture was alternately centrifuged and washed with toluene methanol for three times. The 
residue was oven-dried at 70 ºC overnight.   

2.5 Postsynthetic modification of Co-MOF  

193.9 mg of APTES-modified CoZnAl -LDH was suspended in 40 mL of toluene and stirred. 
169.8mg of Co-MOF was added to the mixture and was brought to a refluxing temperature. The 
mixture was refluxed for 4.5 h, cooled under stirring and the resulting product was alternately 
centrifuged for 3 minutes and washed with toluene and methanol for three times. The post-synthetic 
modified product was dried at 90 ºC overnight. 

2.6 Characterization 

The as-synthesised CoZnAl–CO3 LDH, MOF, APTES-LDH and postsynthetic modified Co-
MOF were characterized for the associated functional groups using Fourier transform infrared (FTIR) 
spectrometer (Spectrum Two, Perkin Elmer Instruments, USA) in the scanning range of 400–4000 
cm–1. Their crystalline nature was characterised using X-ray diffractometer (XRD-7000, Shimadzu, 
Japan). Thermo-gravimetric analysis (TGA) for thermal stability was carried out using a Perkin- 
Elmer TGA 4000 (Perkin Elmer Instruments, USA) using a heating rate of 10 °C min−1. 

2.7 Sorption Experiments   

Analytical grade lead nitrate (Pb(NO3)2) was used for stock solution (500 mg/L) preparation 
in this study. The uptake of Pb ions by postsynthetic modified (PSM) Co-MOF was observed with 
respect to a time interval of 1-120 min; pH in the range of 3–8; concentration of 20–140 mg/L, and 
temperature of 25–65 ºC. 20 mg of the adsorbent; and 20 mL of 40 mg/L Pb solution were shaken for 
120 min at 200 rpm.   pH of working solutions was adjusted by adding drops of either 0.1 M HCl or 
NaOH. At the end of each cycle supernatants were collected after centrifuging and residual 
concentration was determined using flame atomic absorption spectrophotometer (F-AAS, Shimadzu 
AA-7000, Japan). 
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2.8 Data Analysis  

The experimental data of adsorption of Pb ions onto the postsynthetic modified Co-MOF was 
analysed using equilibrium and kinetic sorption models. The quantity of Pb ions adsorbed was 
determined using the material balance equation (1) as given by  

    𝑞𝑞𝑒𝑒 = 𝑉𝑉
𝑀𝑀

(𝐶𝐶𝑜𝑜 − 𝐶𝐶𝑒𝑒)     (1) 
with 𝑞𝑞𝑒𝑒  as the metal uptake capacity (𝑚𝑚𝑚𝑚 𝑔𝑔⁄   of adsorbent at equilibrium), 𝐶𝐶𝑒𝑒  the metal ion 
concentration in solution (𝑚𝑚𝑚𝑚 𝐿𝐿⁄ ) at equilibrium; 𝐶𝐶𝑜𝑜   is the initial metal ion concentration (𝑚𝑚𝑚𝑚 𝐿𝐿⁄ ); 𝑉𝑉 
is the volume of solution in litres (L) and 𝑀𝑀, is the dry weight of adsorbent used (𝑔𝑔). 
The equilibrium of the adsorption processes was investigated and analysed using Langmuir, 
Freundlich and Temkin models.   
The Freundlich isotherm applied to data is given in equation (2)                   
   𝑞𝑞𝑒𝑒 = 𝐾𝐾𝐹𝐹𝐶𝐶𝑒𝑒

1/𝑛𝑛                                         (2)  
where 𝐾𝐾𝐹𝐹  is the Freundlich isotherm constant, n is the adsorption intensity factor and Ce is the 
solution phase concentration at equilibrium (mg/L). 
The Temkin plot for sorption data was done using the equation (3) 
 

𝑞𝑞𝑒𝑒 = 𝑅𝑅𝑅𝑅
𝑏𝑏𝑇𝑇

ln (𝐾𝐾𝑇𝑇𝐶𝐶𝑒𝑒)    (3) 
where 𝐾𝐾𝑇𝑇 is the Temkin isotherm constant (dm3g-1) and 𝑏𝑏𝑇𝑇 is the adsorption potential of the adsorbent 
(Jmol-1). 

3. Results and Discussion 

3.1 Characterization Studies 

3.1.1 FTIR analysis  

Functional group analysis of the precursors and post synthetic modified adsorbent was done 
with FT-IR and the spectra are shown in Figure 1. 
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Figure 1. FT-IR spectra of precursors and product of postsynthetic modification of Co-MOF 
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The post-synthetic modified MOF showed bands that are shifted from the precursor band and peak 
values, indicating that there was an interactive product from the post synthetic modification protocol. 
The bands around 3406 cm-1, 3396 cm-1, 3325 cm-1 and 3356 cm-1 represents H-bonded stretching 
vibrations of O-H groups in LDH-APTES, LDH, CoBDC precursors and the PSM product 
respectively. However, the spectral intensity of the band for the PSM product is different and 
redshifted from those of the precursors. The signals at 1565 cm-1 and 1363 cm-1  of  the CoBDC 
spectra, are assigned to the asymmetric and symmetric stretch of the C–O bond in the metal-bonded 
carboxyl group, which are characteristic of MOFs[20]. These peaks are redshifted in the PSM spectra 
to 1556 cm-1 and 1373 cm-1 respectively: this goes to indicate the successful interaction by the 
postsynthetic modification.   The peak at 1223 cm-1 is assigned to the C-H in-plane bending vibrations 
of the benzene rings[20, 21] of the benzene dicarboxylic acid (BDC) of the precursor MOF moiety. 
The peak at 748 cm-1 is the out-of-plane bending vibrations of the C-H group of the benzene ring of 
the BDC. The fingerprint peak at 518 cm-1 represents the Co-O stretching vibration. The peaks around 
1072 cm-1 corresponds to the SiO-H bond; that about 941 and 770 cm-1 are the Si-O-H and Si-O-Si 
bonds, respectively[22].These  spectral values are within or close to other reports of composites of 
LDH/MOF[23] 

3.1.2 PXRD analysis  

The powder x-ray diffractograms of the LDH, LDH-APTES and the PSM Co-MOF are given 
in Figure 2.  

 
Figure 2. X-ray diffractograms of precursors and product of postsynthetic modification of Co-MOF 
Sharp, characteristic diffraction peaks of the LDH which expresses its polycrystalline nature are 
found at 2θ angles of 23.66⁰, 34.8⁰, 39.47⁰, 47.37⁰, 60.35 and 61.9⁰, which corresponds to d-spacing 
of 3.8Å, 2.6Å, 2.3Å,1.9Å, 1.5Å and 1.5Å respectively. The broad and less intense peak of the post 
synthetic modified (PSM) Co-MOF at 2θ = 21.68⁰ with a d-spacing of 4.1Å suggests that it is more 
amorphous than the precursors.  The LDH-APTES showed a high intensity peak at about the same 
2θ with the PSM. The lower intensity Co- MOF (PSM) at about the same 2θ angle with the secondary 
precursor, LDH-APTES, could imply the presence of an added component, which is the Co-BDC that 
was reacted with it. This then, like the case of the FTIR analysis points to the successful modification 
of the Co-BDC by the LDH-APTES. 
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3.1.3 TGA/DTA analyses 

The mass loss and thermal stability of the postsynthetic modified Co-MOF were determined 
with the thermogravimetric and differential thermal (TGA/DTA) analyses, which are shown in Figure 
3. 

 
Figure 3. TGA/DTA of postsynthetic modified Co-MOF 

The thermal profile of the postsynthetic modified product shows two minor and two major 
endothermic decomposition stages. The two minor points are at 81.9 ⁰C and 740.2 ⁰C.  Decomposition 
points are found at 491.6 ⁰C and 613.8 ⁰C,though, they are less than the last two points.The initial 
minor transition at 81.9 ⁰C may be due to the loss of water; the major decomposition stage at 491.6  
⁰C  can be  ascribed to decomposition of  surface OH- and anions in the LDH matrix, while that at  
613.8⁰C  corresponds to the  decomposition of the organic linkers [24]. The decomposition stages at 
491.6 ⁰C and 613.8 ⁰C. suggest that the PSM product has high thermal stability. 

3.2 Effects of Physicochemical conditions applied to adsorption 

3.2.1 Effect of Time on Adsorption 

The effect of time on the adsorption of Pb by postsynthetic modified Co-MOF is shown in 
Figure 4. 
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Figure 4. Effect of time on the adsorption of Pb ions by postsynthetic modified Co-MOF 

The removal rate follows a nearly parabolic rise with time to the point when the curve begins to flatten 
to indicate the time of equilibrium. Equilibrium time was attained from 120 min. The plateau of the 
time plot indicates the coverage of available sites and internal pores in the material. The slow rate of 
attainment of equilibrium may be ascribed to the presence of a large number of sites on the adsorbent 
for adsorption[21]. Adsorption capacity with respect to time at equilibrium was 34.58 mg/g, 
representing 87% of adsorbate uptake by the PSM Co-MOF. 

3.2.2 Effect of initial metal ion concentration on Adsorption 

The effect of initial metal ion concentration is represented on the plot in Figure 5.  
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Figure 5. Effect of initial ion concentration on the adsorption of Pb ions by postsynthetic modified 
Co-MOF 

The result indicates a linear increase of adsorption with initial metal ion concentration for the range 
of concentration chosen. This behaviour can be attributed to the availability of vacant sites on the 
PSM adsorbent for the uptake of the Pb ions in solution. The secondary plot of % adsorption indicates 
a saturation of sites at higher concentration. 

3.2.3 Effect of pH on Adsorption 

The results (in Figure 6) of the pH study on the postsynthetic modified MOF showed that 
adsorption increased with increase in pH up to a maximum before a descent. Maximum adsorption 
pH was 6 with a capacity of 34.99 mg/g. Favourable uptake of Pb by the PSM product can therefore 
occur at pH ≤ 6. 
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Figure 6. Effect of pH on the adsorption and % removal of Pb ions by postsynthetic modified Co-

MOF 

3.3 Adsorption Isotherms  

Two adsorption isotherms were used for the equilibrium modelling of the adsorption of Pb 
ions by PSM. The data from the adsorption experiments were fitted into, Freundlich and Temkin 
model equations to assess the adsorption capacity and heat of sorption of the PSM product. The results 
of the modelling are shown in Figure 7 and the isotherm parameters are given in Table 1. The results 
show that the Temkin isotherm followed closest to the experimental isotherm than the other models 
(R2 = 0.9544). This implies then that, adsorbent-adsorbate interaction was significant at the range of 
concentration used for the adsorption, hence, the PSM adsorbed the Pb ions significantly. 
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Figure 7. Equilibrium isotherms for the adsorption of Pb ions by postsynthetic modified Co-MOF 

Table 1. Isotherm Parameters of Adsorption of Pb ions by Postsynthetic modified Co-MOF 

Isotherm        Parameters                                       Values 
Freundlich        𝐾𝐾𝐹𝐹(𝑚𝑚𝑚𝑚/𝑔𝑔)(𝐿𝐿/𝑔𝑔)−1/𝑛𝑛 

       𝑛𝑛 
       𝑅𝑅2 

1.3661 
0.5243 
0.8635 

Temkin         𝐾𝐾𝑇𝑇(𝑑𝑑𝑑𝑑3/𝑔𝑔) 
        𝑏𝑏𝑇𝑇(𝐽𝐽/𝑚𝑚𝑚𝑚𝑚𝑚) 
        𝑅𝑅2 

58.6420 
0.3472 
0.9544 

3.4 Adsorption Kinetics  

Two kinetic models namely, Lagergren pseudo-first order(PFO) and the pseudo-second order 
(PSO)[25] rate equations, were fitted to adsorption data to verify the prevailing mechanism. These 
are given in equations 4 and 5.  
The pseudo-first order rate equation is given as:    
  ln(𝑞𝑞𝑒𝑒 − 𝑞𝑞𝑡𝑡) =  −𝑘𝑘1𝑡𝑡 + 𝑙𝑙𝑙𝑙𝑞𝑞𝑒𝑒                                                         (4) 
The pseudo-second order(PSO) kinetic model is represented as  
            𝑡𝑡

𝑞𝑞𝑡𝑡
 = 𝑡𝑡

𝑞𝑞𝑒𝑒
+ 1

𝑘𝑘2𝑞𝑞𝑒𝑒2
                                              (5) 

The models are plotted with respect to time in Figure 8 and the kinetic parameters for the models are 
given in Table 2.    
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Figure 8. Pseudo first order and pseudo second order kinetics plot for the adsorption of Pb ions by 

postsynthetic modified Co-MOF 
Table 2. kinetic Parameters of Adsorption of Pb ions by Postsynthetic modified Co-MOF 

Model              Parameter Value 

                
𝑞𝑞𝑒𝑒(𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒)[mg/g] 

34.40 

PFO                𝑘𝑘1 
               
𝑞𝑞𝑒𝑒(𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)[mg/g]        
               𝑅𝑅2                                

0.0218 
0.813 
 
0.9866 

PSO                𝑘𝑘2 
               
𝑞𝑞𝑒𝑒(calc)[mg/g] 
               𝑅𝑅2                                                                    

0.2117 
34.36 
1.000 

 
From the values of the parameters in the table, it was observed that the correlation coefficient, R2, of 
the PSO is higher than that of the PFO thus making PSO a better fitting model. It was also observed 
that, there was no significant difference between the qe (exp) and the qe (calc) of the PSO, thus making 
it the prevailing rate mechanism of the sorption process[26]. 
The PFO equation represents an exponential decay process in which the reactant is likely consumed; 
and since PFO and PSO are functions of time, the PSO equation could represent   a simultaneous or 
complementary growth, in which a product is formed on the adsorbent surface. The PFO rate 
mechanism could be considered as the release of adsorbate materials from the bulk for onward growth 
of the product on the adsorbent by surface attachment. The two rate mechanisms are all functions of 
time and are competitive in any adsorption process. The results from Table 2 shows that the rate 
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constant for the PFO is negative (k1 = -0.0218) implying a decreasing or depleting amount of Pb ions 
from the bulk solution. The rate constant for the PSO on the other hand is greater than zero (k2 = 
0.2103), which implies an increasing amount of Pb ions or growth on the adsorbent (PSM) surface. 
Thus, the Pb ions were increasingly depleted from bulk and moved to the adsorbent surface for 
adsorption. 

3.5 Diffusion Analysis  

Movement of adsorbate particles to adsorbent surface is made possible by bulk and surface 
processes such as: (i) the bulk solution diffusion of adsorbate from solution to the boundary layer of 
solution surrounding the adsorbent particles; film diffusion of adsorbate particles through the liquid 
film surrounding the adsorbent particles; and (iii) diffusion of adsorbate particles into the adsorbent 
pores and adsorption on available sites. One or more of these processes can be involved in the 
adsorption process; the slowest process controls the rate of adsorption[27].  
Two diffusion models were used for the analysis of the adsorption data: Weber-Morris intraparticle 
diffusion[28] and film diffusion which are given as the equations 6 and 7 respectively                                                                
  𝑞𝑞𝑡𝑡 = 𝑘𝑘𝑖𝑖𝑖𝑖𝑡𝑡1/2 + 𝐼𝐼                                                   (6)  
Where 𝑘𝑘𝑖𝑖𝑖𝑖 is the intra-particle diffusion rate constant (mg g-1 min-1) and I (mg g-1) is a constant that 
describes the thickness of the boundary layer  
 ln(1−∝) = −𝑘𝑘𝑓𝑓𝑓𝑓𝑡𝑡                                                             (7)  
where ∝ is the fractional attainment of equilibrium (∝ = 𝑞𝑞𝑡𝑡 𝑞𝑞𝑒𝑒� ), 𝑘𝑘𝑓𝑓𝑓𝑓 is liquid film diffusion constant. 
The results are shown in Figure 9 and 10.  
 

 
Figure 9. Weber-Morris intra-particle diffusion plot for the adsorption of Pb ions by postsynthetic 

modified Co-MOF 
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Figure 10.  Film diffusion plot for the adsorption of Pb ions by postsynthetic modified Co-MOF 

The plot for Weber-Morris intraparticle diffusion is multilinear and therefore implies that, it is not 
the rate controlling diffusion process[29, 30]. However, the intraparticle diffusion step has an R2 
value of 0.9917, which means that it was significant, but not a controlling step of the adsorption. The 
diffusion model parameters of adsorption are given in Table 3. 

Table 3. Diffusion Parameters of Adsorption of Pb ions by Postsynthetic modified Co-MOF 

Diffusion Model                            Parameter                                   Value 

Weber-Morris IPD                         𝑘𝑘𝑖𝑖𝑖𝑖  (𝑚𝑚𝑚𝑚𝑔𝑔−1𝑚𝑚𝑚𝑚𝑚𝑚−1)                             0.0648 
                                                                     𝐼𝐼(𝑚𝑚𝑚𝑚/𝑔𝑔)                                                33.72   
                                                          𝑅𝑅2                                                           0.9224 
Film diffusion                                  𝑘𝑘𝑓𝑓𝑓𝑓                                                         -0.0218 
                                                         𝑅𝑅2                                                              0.9866 

 

4. Conclusion 

An ex-situ postsynthetic modification of Co-MOF with an amino-silane modified layered 
double hydroxide (LDH) was carried out and applied in the removal of Pb ions from aqueous solution. 
Characterisation studies showed that the postsynthetic modification was successful. Blueshifts and 
redshifts of existing FT-IR bands in the PSM product in relation to that of the precursors confirmed 
the modification. Thermal stability test indicated that the PSM product was stable at temperatures up 
to 400 ºC after a slight loss of surface water at low temperatures. Crystallinity of the PSM product 
was however lower than that of the precursors as indicated by the diffractograms. Equilibrium data 
was better correlated by the Temkin model with a heat of sorption at 33.72 J/mol. Rate data was better 
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correlated with the pseudo second-order kinetic model. Adsorption capacity of PSM product from 
kinetic studies put qe at 34.5mg/g of adsorbent. The multilinearity of the Weber-Morris intraparticle 
diffusion plot indicated that the diffusion consisted of more than two steps, and so the intraparticle 
diffusion was not the rate limiting step.  The film diffusion plot gave an R2 value of 0.9866 which is 
greater than that of the intraparticle diffusion (0.9224), which then implies that, it has a more 
significant control of the diffusion process.  
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