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Abstract: The present study focused on removing gallic acid on the layered double hydroxide (Mg-Al-

LDH) material synthesized by the co-precipitation method with a molar ratio of Mg/Al = 2. The 

elaborated Mg-Al-LDH was characterized using chemical analysis, XRD, FTIR, SEM, and specific 

surface area techniques. Langmuir and Freundlich isotherms and kinetic studies were also investigated. 

The adsorption tests demonstrated that the GA adsorption onto the Mg-Al-LDH is dependent on the 

material dose, GA concentration, and the pH of the solution. It was observed that the yield of the dye 

removal passed from 27.37 to 99.9 %; when the Mg-Al-HDL dose increased from 0.05 to 0.8 g/L. The 

results obtained showed that the adsorption of GA on Mg-Al-LDH is an endothermic reaction, 

spontaneous, follows second-order kinetics, and the Langmuir isotherm observed a better description.  

Keywords: layered double hydroxide; gallic acid; kinetic, thermodynamic, isotherm models. 
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1. Introduction 

Gallic acid (3,4,5-trihydroxybenzoic acid, GA) is the main phenolic component found 

in black tea, nutgall, sumac spice, cork oak, grape, and wine, and it is also widely has been 

used in paints and dyes, medicine, food, and metallurgical industry [1-5]. The presence of GA 

as a micropollutant in wastewater, even at low concentrations, has toxicities [6], so it can react 

with chlorine during wastewater treatment to form toxic and even pathogenic halogenated 

organic compounds, present a potential danger to human life and the environment. It has been 

shown that excess GA in water causes the unpleasant color and odor of drinking water during 

the chlorination process due to the formation of carcinogenic disinfection byproducts, such as 

trichloroethanes and chloroacetic acids [7-9]. 

The accumulation of GA in the environment should be avoided. In addition, GA in 

water where presents a very low biodegradability due to its solubility in water and low 

molecular weight [10,11]. Various techniques have been used to remove GA from water, it has 

been shown that biosorption techniques have been used for the adsorption of GA, but these 

techniques can inhibit microbial growth [10]. It has also been shown that Fenton processes, 

including photo-Fenton and electrochemical Fenton treatment [12,13], have been used for the 
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degradation of GA, but these processes may give contamination as a result of the intermediates 

formed. 

The adsorption process using different adsorbents has attracted particular interest for 

removing GA from aqueous systems due to its convenient operation, lower cost, high 

efficiency, and the reusability of adsorbents. Recently, several types of adsorbents have been 

used for the removal of GA, such as resins [9], activated carbon [14], biomass [10], clay 

minerals [15], magnetic nanoparticles [16], clay and polymer systems [17]. 

Layered double hydroxides (LDHs), also known as hydrotalcite-like compounds [18], 

belong to a class of anionic clays. The general LDH’ formula is [M2+
1−xM

3+
x(OH)2]

x+ [Am−
x/m 

nH2O]x−, where M2+ and M3+ are divalent and trivalent cations. The x value represents the ratio 

between M3+ and (M2++M3+) (M3+/(M2++M3+)), and Am− is a charge-balancing interlayer anion. 

Generally, x values ranged from 0.10 to 0.33 [19]. These materials exhibit an excellent ability 

to eliminate organic and inorganic anions due to the presence of positively charged brucite-like 

sheets, weak interlayer bonding, and ion exchange properties [18, 20]. So, the large surface 

area, high anion exchange capacity, and good thermal stability of LDHs ensure their application 

in the environmental field for the removal of organic and inorganic compounds such as 

surfactants [21], phenolic compounds [22, 23], phosphate [24-27] fluoride, arsenate [28], 

arsenite [29], chromate [30], selenite and selenite [31], nitrates [32, 33], sulfates [34] chloride 

[35,36], perchlorate and oxyanions [37]. 

Recently, hydrotalcite-like compounds have been applied to the removal of GA [38-

41]. So, the studies of the adsorption of GA on fresh and calcined Ni-Al layered double 

hydroxides demonstrated that calcined Ni-Al-LDH could remove more than 94% of GA at 500 

°C. The adsorption equilibrium followed the Freundlich model. The process was endothermic, 

with maximum adsorption capacities of 137.9 and 82.97 mg / g for fresh and calcined Ni-Al-

LDH. 

The originality and the novelty in this work reside in the choice of adsorbent for the 

removal of GA. Gallic acid is a phenolic compound in medicinal plants and fruits [42]. It is 

recovered by extraction [43]. The use of GA and derivatives has gradually increased, thus 

leading to a further understanding of GA. As well as, GA and ester derivatives as aromatic 

agents and conservatives are largely used in the food industry [44, 45]. In particular, various 

ester derivatives are extensively used in the cosmetic industry [46] in transformed and 

packaged foods to avoid oxidative damage and deterioration; several types of studies were also 

carried out on the biological and pharmacological activities of GA, including their antioxidants. 

The antioxidant strength confers its anticancer and antiradical properties. The GA is used to 

identify different substances' phenolic content [47]. It is thought to possess a wide number of 

beneficial effects on health and the environment. Mg-Al-LDH was synthesized by the co-

precipitation method and characterized by chemical analysis, X-ray Diffraction (XRD), FTIR 

spectroscopy analysis, surface measurement (N2 adsorption/desorption), and scanning electron 

microscopy (SEM) analysis. The reliability of the model equations was analyzed, and the 

process parameters were optimized, such as the adsorbent amount, adsorption time, and pH of 

the solution. The possibility of intraparticle diffusion was examined using the Weber-Morris 

theory. The LDH adsorption capacities were studied via Langmuir and Freundlich isotherms 

models. 
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2. Materials and Methods 

2.1. Materials. 

All used chemicals were of analytical grade and utilized without further purification 

and were provided by Biochem Chemopharma. All the solutions were prepared by using 

distilled water, gallic acid (GA: C7H6O5, 99.5%), Folin-Ciocalteau reagent, sodium chloride 

(NaCl), sodium hydroxide (NaOH), hydroxide acid (HCl), aluminum nitrate nonahydrate, 

Al(NO3)3,9H2O, magnesium nitrate hexahydrate Mg(NO3)2,6H2O and anhydrous sodium 

carbonate (Na2CO3). 

2.2. Sample preparation. 

The Mg-Al-LDH sample with an Mg/Al molar ratio of 2/1 was synthesized by the co-

precipitation method [48,49] in the alkaline medium (pH ~10) [50]. An aqueous solution of 

Mg(NO3)2 6H2O (0.136 mol) and Al(NO3)3 9H2O (0.075 mol) was prepared in distilled water 

(300 mL). The obtained mixture was added dropwise into a mixture of NaOH (0.6 mol) and 

NaCO3 (0.24 mol) under vigorous stirring and at room temperature. After 2 h of stirring, the 

temperature was increased to 70 °C and maintained for 18 h. The precipitate formed was 

filtered and washed with hot distilled water until the pH stabilized at 7. Finally, the powder 

was dried in an oven at 80 °C overnight. 

2.3. Characterization techniques. 

The chemical composition was determined by atomic absorption Spectrometer 240 FS 

(Fast Sequential). SEM images were performed on a Quanta 250 instrument with an 

acceleration voltage of 20 kV and a working distance of 10 mm. X-ray diffraction (XRD) was 

recorded in the range of 5 –80° on the BRÜKER D8 using Cu Kα radiation. The infra-red 

spectrum FTIR) was carried out with a Perkin Elmer FTIR 1000 spectrometer; over 32 scans 

were taken to improve the signal-to-noise ratio in the wavelength range of 400-4000 cm-1. The 

specific surface area was calculated by the BET method. The pore size distribution curve was 

obtained from the desorption branch using the BJH method using micrometric ASAP2020 

equipment using nitrogen at -196 °C. 

2.5 Adsorption studies. 

The reaction was carried out at room temperature (25 ± 0.5 °C). 100 mg of Mg-Al-LDH 

was added to the GA solution (0.1 mg/L) under stirring (180 rpm). The GA concentration, pH, 

and the adsorbent dose were varied to study their effect on the adsorption kinetics.. Using a pH 

meter, and the solution pH was adjusted with NaOH or HCl (0.1 M). The GA concentration 

was determined by a UV-Vis spectrophotometer with a double beam (Optizen 3200 

spectrophotometer). The adsorption amount at time t, qt (mg/g), was determined by the 

following equation:  

𝑞𝑡 =
Co − Ct

m
x V                                                                                                              (1) 

C0 and Ct (mg/L) represent the initial, and the final concentrations, and m is the mass of Mg-

Al-LDH (g). The equilibrium amount of adsorption, qe (mg/g), was determined by the formula: 

qe =
Co − Ce

m
x V                                                                                                                       (2) 
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Ce (mg/L) is GA concentrations at equilibrium, and the GA removal percentage can be 

calculated as follows: 

  GA removal (%)  =
Co − Ce

m
x100                                                                                      (3) 

3. Results and Discussion 

3.1. Characterization. 

The physicochemical properties of the material are regrouped in Table 1. Mg2+/Al3+ and 

Al3+/Al3+ + Mg2+ molar ratio is similar to those expected from the initial concentration of the 

solutions used during the preparation process. 

Table 1. The structural and textural properties of the Mg-Al-LDH sample. 

Sample Mg–Al-LDH 

Theoretical molar ratio M2+/M3+ 2 

Real molar ratio M2+/M3+ 1.87 

M3+ / (M2++ M3+) molar ratio 0.33 

d003 (Ǻ) 7.51 

a (Ǻ) 3.03 

c (Ǻ) 22.53 

BET surface  area (m2/g) 75.06 

BJH pore volume (cm3/g) 0.32 

BJH pore size (Ǻ) 171.99 

The crystalline phase of Mg-Al-LDH is confirmed by XRD (Figure 1), and the peaks 

show a basal reflection of hydrotalcite structure. The diffractogram exhibited the symmetric 

reflections of (003) and (006) planes in the low values of 2θ (11-23°) and asymmetric 

reflections of (012), (015), and (018) planes at the higher values of 2θ (34-66°), characteristic 

of well crystalline LDH structure [51]. The interlayer spacing calculated from the plane (003) 

is 7.51 Å confirming the intercalated carbonate anion. The values of unit cell parameters "a" 

and "c" of Mg-Al-LDH calculated using the formula: a = 2d110 and c = 3d003 [24,50] where d110 

and d003 are the basal spacing values of (110) and (003) planes, respectively. The "a"cell 

parameter stands for the cation-cation distance within the brucite-like layer. At the same time, 

the "a" unit cell parameter is close to that of the natural hydrotalcite (3.03 Å) [51]. The 

parameter "c" gives the combined thickness of the brucite-like layer and the interlamellar space. 

The value observed for the c = 22.53Å parameter is typical of LDH containing carbonate as 

the interlamellar anion [52].  

 
Figure 1. X-ray diffraction of Mg-Al-LDH. 
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FT-IR spectroscopy analysis can provide useful information about the structure of some 

materials with a special structure, such as interlamellar anions [53]. The FT-IR spectrum of the 

Mg-Al-LDH sample is shown in Figure 2. The spectrum shows a wide adsorption band at 3409 

cm-1 assigned to the OH stretching of the hydroxyl group located in the interlayer space of 

LDH structure and both adsorbed and interlamellar water [54-56]. The weak band located at 

1640 cm-1 is attributed to water molecular's HOH deformation mode (δH–O–H) [53]. The 

intense peak at 1354 cm-1 is related to the stretching mode of the CO3
2- anion. In the low-

frequency region, the bands observed between 1000 and 500 cm-1 are characteristic of metal-

oxygen-metal vibrations [56]. The textural properties of Mg-Al-LDH are reported in Table 1. 

It can be seen that the sample has a significant surface area. Based on the IUPCA classification, 

the values of pore size obtained are characteristic of mesoporous materials [57]. 

 
Figure 2. FT-IR spectra of Mg-Al-LDH. 

The SEM image in Figure 3 exhibits the presence of microstructure. It is observed that 

the sample presents lamellar plates that stack parallel to each other due to the strong interaction 

between particles. 

  
Figure 3. SEM images of Mg-Al-LDH. 
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30 °C and pH 4.5. It was observed that the yield of the dye removal passed from 27.37 to 99.9 
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%; when the Mg-Al-HDL dose increased from 0.05 to 0.8 g/L (Figure 4). This comportment 

may increase the number of sorption sites with a rise in the mass of Mg-Al-HDL up to a dose 

of 0.6 g/L; the number of sites becomes stable. A mass < 0.4 g was selected as the optimal 

adsorbent dosage [58]. 

 
Figure 4. Effect of Mg-Al-LDH amount on the adsorption of GA under conditions: C0(GA) = 0.1 mg/L, 

reaction time = 360 min, pH = 4.5, T = 298 K. 

3.2.2. Effect of pH. 

The solution pH is an important parameter in the adsorption process, particularly for 

organic compound adsorption. However, the pH also controls the electrostatic charge intensity, 

which is affected by the ionized species. The surface adsorption capacity and surface active 

center type are indicated through the significant factor known as the zero charge point (pHpzc). 

The pH value is only used to describe the pHpzc for the systems wherein H+/OH- are potentially 

the determining ions. Mg-Al-HDL pHpzc was measured by the pH drift method [59]. Because 

of the functional groups such as OH-, COO- groups, adsorption of cationic aromatic organics 

is enhanced at pH > pHpzc. In contrast, adsorption of anionic aromatic organics is promoted at 

pH < pHpzc where the surface is positively charged. As indicated in Figure 5, the pHpzc of 

Mg-Al-HDL is at 8.01. 

 
Figure 5. The pHPZC is the point where the plot of final pH versus initial pH corresponds to the intersection of 

the curve pHinitial equals pHfinal with the bisector axis. 
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Figure 6 shows that the adsorption is highly dependent on the pH. So, the removal 

efficiency of GA increased from 38.64 to 56.73 % as the pH value passed from 2 to 7. This 

behavior may be explained by the zero-point charge of the adsorbent (pHpzc = 8.01). At pH 

values above the zero point charge, the adsorbent surface is negatively charged. It was noted 

that the removal efficiency is low at pH < 3, which indicates that the adsorbed amount 

decreases. This is explained by the increased protonation of the GA OH groups at pH < 3. At 

this pH range (pH < pHpzc 8.01), the surface of the Mg-Al-HDL is positively charged, hence 

the strong attraction between the Mg-Al-HDL surface and the GA molecule. At 3 < pHpzc < 

pH, the yield of removal is enhanced (qa is decreased), which is explained by the negatively 

charged surface of Mg-Al-HDL, therefore, a repulsion of the GA molecule. At pH = pHpzc = 

8.01, the surface of Mg-Al-HDL is neutral, and the molecule of GA is deprotonated. Thus, the 

attraction between the Mg-Al-HDL surface and the molecule of GA is increased [38]. 

 
Figure 6. pH effect on the adsorption of GA by Mg-Al-LDH: mass of adsorbent = 0.1 g, C0(GA) = 0.1 mg/L, 

reaction time = 360 min, T = 298 K. 

3.2.3. Adsorption kinetic studies. 

The effect of contact time on the retention rate is shown in Figure 7 using different 

initial concentrations of GA. The retention rate increases with the reaction along two different 
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slope is slow and may express the equilibrium of the adsorbed GA molecules. 
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with values of 24.5, 48.6, 56, and 68.2 mg/g, respectively for concentrations of 25, 50, 80 and 

120 mg/L. The main part of the GA transferred to the adsorbent is reached within the first hour 

with yields of about 0.72, 0.49, 0.35, and 0.29 %, respectively, for the concentrations of 25, 50, 

80, and 120 mg/L. The adsorption mechanism and the possible rate control steps required 

within the adsorption process were investigated using kinetic models such as the intra-particle 

diffusion, the pseudo-first-order, and the pseudo-second-order models. 
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Figure 7. Effect of the contact time on the adsorption of GA in aqueous solution at pH = 4.5 and T = 298 K. 

3.2.4. Pseudo-first-order model. 

To fit the adsorption kinetic, the non-linear form of the pseudo-first-order model is 

given using the following equation: 

𝑞𝑡 = 𝑞𝑒[1 − 𝑒(𝑘1𝑡)]                                   (4) 

where, k1 represent the pseudo-first-order rate constant (min-1). Results are presented in Figure 

8. 

Table 3 reports the adsorbed amount values qe, the pseudo-first-order rate constants k1, 

and the regression coefficients R2 of the used concentrations. R2 values are quite low and range 

from 0.47 to 0.90. The qe calculation of whole investigated concentrations reveals that the 

adsorbed amounts of GA are low compared to the experimental qe. So, it is observed that the 

GA adsorption is not a controlled diffusion process since it is not in accordance with the 

pseudo-first-order equation. 

 
Figure 8. Pseudo-first order kinetic constant for the adsorption of GA ontoMg-Al-LDH. 
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3.2.5. Pseudo-second-order model. 

The Pseudo-second-order equation may be expressed as [60] K2 represents the pseudo-

second-order rate constant (g/mg.min). The application of the non-linear form of the pseudo-

second-order kinetic model (eq 5) to the GA adsorption results is illustrated in Figure 9. 

𝑞𝑡 =
𝑡𝑘2𝑞𝑒

2

1 + 𝑘2𝑞𝑒
                                                                                                      (5) 

The adsorbed amount qecal, the pseudo-second-order rate constants K2 and the 

regression coefficients R2 for the used concentrations are presented in Table 3. Based on the 

results, the adsorbed amount at equilibrium (qecal) increases with the initial concentration. 

Furthermore, the R2 values significantly exceed those obtained by the pseudo-first-order model. 

The adsorbed amounts (qecal) are about 20.59, 31.94, 39.07, and 49.47 mg/g, respectively, for 

the concentrations of 25, 50, 80, and 120 mg/L and are quite close to the values obtained by 

the experiments, of about 20.4, 30.30, 37.3, and 43.5 mg/g. These results indicate that the 

adsorption process is in agreement with the pseudo-second-order model. 

 
Figure 9. Pseudo-second-order kinetic plot for the adsorption of GA onto Mg-Al-LDH 

3.2.6. Intraparticle diffusion model. 

Intra-particle diffusion model was examined according to the Weber-Morris theory 

[61]. Based on this theory, the model may be described as: 

𝑞𝑡 = 𝑘𝑖𝑑. 𝑡1/2 + 𝑐                                                                            (6) 

where qt is the adsorbed amount (mg/g) at the time t, and Kid is the rate constant for the 

intraparticle diffusion model (mg/g.min1/2). The plots of the model for the used GA 

concentrations are displayed in Figure 10. The intraparticle diffusion rate constant and R2 is 

reported in Table 3. It can be observed in Figure 10 that intraparticle diffusion is a relevant step 

in the GA adsorption process onto Mg-Al-HDL, particularly during the 180 min. This delay 

can be explained by the migration of GA molecules in the Mg-Al-HDL hydrotalcite sheets. 

However, the surface chemical reaction that starts within the first few minutes of contact for 

the experimental data is aligned to the pseudo-second-order with high R2 regression 

coefficients, which suggests that the most important step in the GA adsorption onto Mg-Al-

HDL is the intraparticle diffusion process since it can be considered as the limiting step that 

controls the GA transfer at time t. 
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Figure 10. Intraparticular diffusion model for GA adsorption on Mg-Al-LDH 

 

The standard deviation was calculated using the formula (7) to calculate the difference 

between the curves plotted by the experimental data and the theoretical models. The results are 

reported in Tables 2 and 3. 

∆q(%) = √
∑ (𝑞𝑒𝑥𝑝 − 𝑞𝑐𝑎𝑙/𝑞𝑒𝑥𝑝)2𝑛

𝑖=1

𝑛 − 1
× 100                                   (7) 

with qexp is the adsorbed amount obtained from the experiment,qcal is the adsorbed amount 

obtained by the theoretical model, and n is the number of experimental points. Based on Table 

3, the pseudo-second-order model and the intraparticle diffusion model fit the experimental 

data well. That is confirmed by the R2 values that are larger than those of the pseudo-first-order 

(PFO) model as well as Δq that are small compared to those of the PFO. 

3.5. Adsorption mechanism. 

In this study, it was shown that the adsorption of GA on hydrotalcite Mg-Al-HDL is 

pH-dependant, however the adsorption mechanism depends on the pH as well. It is noted that 

pka of GA is 3.1, when pH < pka, the molecule of GA is strongly protonated; therefore, the 

preponderant form is the anionic form which can be adsorbed on the surface of Mg-Al-HDL 

through an electrostatic interaction leading to a slight covering of the surface of the LDH 

favoring in a second step the adsorption of the GA molecule by the forces of π-π and Van der 

Waals. At pH > pka of phenolic acid, only 20% of the protonated form remained, and these 

species were adsorbed by coordination bond (complexation) [15]. 

3.6. Isotherms studies. 

Several equation isotherms are used to analyze the experimental sorption equilibrium 

parameters. The most widely used are the Langmuir and Freundlich models. The Langmuir 

isotherm model is based on the hypothesis that there are a limited number of homogeneously 

distributed active sites on the adsorbent surface. Such active sites exhibit a similar affinity for 

monolayer adsorption, and the adsorbed molecules do not interact [62]. A widely used non-

linear form of the Langmuir equation can be expressed as follows [62]: 

qe =
qmKLCe

1 + KLCe
                                                                     (8) 

where qe is the adsorbed amount of GA (mg/g), Ce is the concentration at equilibrium (mg/L), 

as well as qm and KL are the Langmuir constants related to the maximal adsorption capacity 
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(mg/g), and the energy of adsorption (L/mg) [63]. The significant Langmuir isotherm 

characteristic can be described by a dimensionless factor RL that is defined as follows [64]: 

𝑅𝐿  =  1 / (1 + 𝑘𝐿 𝐶0)                                                                (9) 

The value of RL is used to indicate the process mode of the adsorption isotherm, either 

if 0 < RL < 1 the adsorption is favorable, for RL > 1, the adsorption is unfavorable, for RL = 0 

the isotherm is irreversible and linear, for RL = 1. Fitting the experimental data of the adsorption 

isotherm models, it was noticed that the Langmuir model is the most appropriate to characterize 

the involved adsorption type. Based on the obtained RL value, it can be concluded that the 

process is favorable RL= 0.101, 0.053, 0.033, 0.022 (0 < RL < 1). Hence, the GA molecules can 

be adsorbed in a monolayer without any interaction GA-GA. 

 
Figure12. Langmuir isotherm for the adsorption of GA onto Mg-Al-LDH. 

Freundlich adsorption isotherm model is applied to heterogeneous surface adsorption 

with adsorbed molecules interaction, and it is not limited to forming a monolayer. It is assumed 

that with the increasing concentration of the adsorbate, the adsorbate concentration at the 

surface of the adsorbent is also increasing. Therefore, the adsorption energy is exponentially 

decreased at the end of the sorption of the adsorbent. The expression of the non-linear 

Freundlich model is given as [65]: 

qe = KFCe

1

nF                                                                                  (10) 

The equilibrium adsorbed amount is qe (mg/g), KF is the Freundlich constant, 1/nF is 

the heterogeneity factor related to the adsorption capacity and intensity, and Ce is the 

concentration at equilibrium (mg/L). 

 
Figure 13. Freundlich isotherms for the adsorption of GA onto Mg-Al-LDH. 
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It is noticed in Table 3 that the Langmuir model is in accord with the experimental 

results and that by comparing the values of R2, which is close to 1 and the lower Δq than that 

of the Freundlich model. 

 

4. Conclusions 

In the present study, the Mg-Al-LDH hydrotalcite was synthesized through the co-

precipitation method for the degradation of GA. The parameters of initial GA concentration, 

contact time, and temperature revealed a significant effect on the GA removal by Mg-Al-LDH 

from aqueous solutions. The Langmuir and Freundlich isotherm models were used to describe 

the adsorption equilibrium of GA on Mg-Al-LDH mathematically. The Langmuir isotherm 

model was shown to be the most appropriate model to fit the experimental data in the 

investigated temperature range. The kinetic adsorption results demonstrated that the adsorption 

process followed the pseudo-second-order model. Thermodynamic results indicated the 

feasibility, endothermic, and spontaneous nature of the adsorption process involved at 18 -

38°C. The various obtained results indicated that the adsorbent selected in this study was 

efficient and suitable for removing GA and industrial effluents. 
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