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Abstract 

Camelthorn (CT), a desert plant, has been utilized as an adsorbent material for the extraction of 

Hg(II) ions from aqueous solution after grafting with acrylonitrile followed by amination with 

hydroxylamine hydrochloride in basic medium to obtain aminated hydroximoyl camelthorn 

(AHCT). AHCT were found to exhibit excellent adsorption capacity over a wide range of Hg(II) 

concentration. The surface functional groups and morphology of aminated hydroximoyl 

camelthorn were determined. The influences of time (0-60 min), pH (2-6), and dose (0.3-8 g/L) 

were also evaluated. The adsorption data were analyzed using the Langmuit, Freundlich and 

Temkin tr models at 30°C using nonlinear regression analysis. The maximum adsorption capacity 

(qmax) of Hg(II) onto AHCT was 272.9 mg/g at an initial pH of 6 and a temperature of 30°C and 

the Freundlich constants, KF and n, at 30 oC were found to be 25.47 mg/g and 3.2, respectively. 

The value of n (3.2), which being in the range 0-10 indicate that adsorption of Hg(II) ions onto 

AHCT is favorable. Various kinetics models including the pseudo-first-order, pseudo-second-

order and intraparticle diffusion models have been applied to the experimental data to predict the 

adsorption kinetics. Kinetic study was carried out by varying initial concentration of Hg(II) at 

constant temperature and it was found that pseudo-second-order rate equation was better obeyed 

than pseudo-first-order and intraparticle diffusion supporting that chemisorption process was 

involved. The examination of R2 values and error analysis method (ARE) showed that the 

Langmuir model  provide the best fit to experimental data than other isotherms and follow the 

following order: Langmuir > Freundlich > Temkin.  
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The results revealed that the aminated hydroximoyl camelthorn-Hg(II) ions adsorption system 

was promoted by the high density of active sites and the adsorption process is independent of the 

adsorbent surface area.  

Consequently, aminated hydroximoyl camelthorn residues can offer an effective method of Hg 

(II) ion removal from aqueous solutions, demonstrating its potential role in water remediation 

processes. 

Keywords: Adsorption; mercury (II) ions; kinetics; isotherms; camelthorn; adsorbent. 

1. Introduction 

Sound utilize of water resources appears to be one of the world's urgent environmental problems, 

the solution to which largely lies in treating wastewater that comes from human activities in 

different areas: industries (such as battery, tannery, mining,  metallurgical,  chemical,  and 

nuclear), agriculture, shipping and others. It is particularly important to 

control levels of heavy metals which are one of the most biologically dangerous and toxic 

components of wastewater effluents [1]. In particular, water contamination is an area of concern 

because heavy metal pollution causes different diseases. Several methods have been created 

to successfully remove heavy metals from wastewater. Typical treatment strategies for the 

extraction of heavy metal ions in wastewater include ion exchange, chemical precipitation, 

electrochemical methods, chemical coagulation, membrane filtration and  biosorption [2].  

Mercury is considered to be highly toxic, and is deemed a hazardous pollutant; the World Health 

Organization recommends a permissible of mercury content in drinking water of 6 μg L-1[3, 4]. 

Long term exposure to mercury can result in renal, pulmonary or cardiovascular disease [5], while 

the development of the foetal nervous system may be impaired if a mother consumes seafood 

containing high levels of MeHg during pregnancy[6]. The ecological and health hazards presented 

by uncontrolled release of Hg(II) have fostered significant research effort into a comprehensive 

method of remediation. As for other inorganic species, adsorption has frequently been used to 

remove Hg(II) ions from aqueous solutions[7-9].  Due to their tailorable textural characteristics, 

including pore diameter, extensive surface area, and ease of manufacture activated carbons, 

derived from biomass, are the most prolific adsorbents used in such applications. Within this 

family of materials, agricultural waste materials, and their associated carbonaceous forms, offer 

great potential to extract heavy metals from wastewater [10]. Use of such raw agricultural waste 
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as alternatives to comparatively expensive activated carbons has attracted attention due to their 

low-cost of processing, wide availability, and favourable physicochemical properties of this free 

resource. Consequently, agricultural wastes have become one of the most used materials for the 

adsorption of pollutants, such as heavy metals, oils, dyes and toxic salts from water, as a result of 

the high adsorption capacity that the inherent cellulose and lignin exhibit for these pollutants [11, 

12]. In recent years, modified cellulose has been investigated widely for heavy metal adsorption. 

The modification of cellulosic materials via the addition of functional groups to the hydroxyl 

groups present on the backbone of cellulose can enhance its adsorption capacity toward metal 

ions [13]. camelthorn (CT), is a perennial thorny shrub native to desert regions with a wide soil 

tolerance, flourishing in salty, sandy, rocky and arid soils; the plant is utilised in a range of 

applications including topical medical treatments and as a sweetener. While native to regions 

extending from the Mediterranean to Russia, it has been introduced to several other countries, 

where it is considered an invasive species, most notably in Europe, North America and Oceania. 

The main plant grows to a height of ~1 m, however, the roots extend up to 5-7 m in depth, with 

penetration depths up to 15 m observed in extreme cases [14, 15] as the plant seeks groundwater 

in its hyper-arid environment. Combined with a lateral spread of more than 8 m [16], this means 

that removal of the shrub results in significant biomass, the majority comprising root material 

with a high-cellulosic content. This makes CT an excellent candidate for use in heavy metal ion 

remediation, with scope for further enhancement of the exhibited properties via surface 

modification. In the present study, modified CT was used as a new adsorbent for adsorption of 

Hg(II) after grafting with acrylonitrile and subsequent reaction with hydroxylamine hydrochloride 

to from aminated hydroximoyl camelthorn (AHCT). Such adsorbents have not been used 

previously, this work presents full characterization of these new materials and insights into the 

mechanism of adsorption and kinetic models obeyed for Hg(II) ion adsorption from aqueous 

systems. 

2. Materials and methods 

2.1. Materials 

The sample of CT used here was obtained from the Martouh desert, Egypt. Due to the high 

cellulosic content of the root material, this was separated from the stems and leaves, the latter 

being discarded. The root material was washed with copious amounts of distilled water to remove 

any particles adhered to the surface, before drying at 80oC in an electric oven for 24 h, and 
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subsequent grinding and sieving to a particle size of 50–120 μm. All reagents used in this study, 

acrylonitrile, ammonium cerium(IV) nitrate, mercuric acetate, sodium hydroxide, EDTA, nitric 

acid, sodium carbonate, acetone, and ethyl alcohol were all laboratory grade chemicals, supplied 

by Merck, Germany. 

2.2. Preparation of adsorbent 

Grafting of CT 

Varying amounts of acrylonitrile were grafted onto the CT surface according to the reported 

method [17] of follows: 4 g of root material was added to a predetermined quantity of 

acrylonitrile (7.5 to 45 mmol L-1) in a 100 mL of Erlenmeyer flask, pre-equilibrated, in a 

thermostatic water-bath, to a pre-selected temperature, in the range 40 to 70 oC. Ammonium 

cerium(IV) nitrate was added as an initiator and the reaction mixture agitated thoroughly at the 

start of the reaction, and periodically throughout the polymerization process. The resulting 

homopolymer of poly-acrylonitrile and CT (CT-PAN) was removed from the reaction mixture via 

Soxhlet extraction, using N, N-dimethylformamide, over a period of 24 h. Results are reported in 

terms of liquor ration, which represents the ratio between the total volume of the reaction solution 

(ranging from 10 to 50 mL) and the mass of cellulosic material used, here set at 4 g; for example a 

liquor ratio of 2.5 denotes a mass of 4 g and, by mathematical solution, a total reaction volume of 

10 mL. 

Preparation of AHCT 

AHCT was prepared according to the reported method [18] as follows: a solution of free 

hydroxylamine in methanol-water (5:1) was prepared from its hydrochloride salt. Accurtely, 4.5g 

of hydroxylamine hydrochloride was dissolved in 30 ml of methanol-water (5:1) mixture. The 

HCl of NH2OH was neutralized by NaOH solution and the precipitate of NaCl was removed by 

filtration. The pH of the reaction was adjusted to pH 8- 8.5 by controlling with NaOH solution 

(0.1M).  

The above-prepared free hydroxylamine solution was added to 4g of the poly(acrylonitrile)-

grafted camelthorn residues a flask fitted with condenser. The aminated hydroximoyl camelthorn 

(Scheme 1) was prepared at 345 K for 8h. The aminated hydroximoyl camelthorn was filtered off, 

thoroughly washed with water for different times to remove the unreacted  hydroxylamine and 

then dried at 80C for 5h. 
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2.3. Determination of Nitrogen Content  

The percentage of nitrogen content of PAN-grafted CT samples was determined using the micro-

Kjeldahl method [19]. In brief, the sample to be analyzed is heated with concentrated H2SO4 at 

633–683 K, in the presence of a K2SO4/Na2SO4 (1:10) catalyst mixture, to achieve boiling of the 

resulting solution and oxidatively decompose the organic sample to produce ammonium sulphate; 

excess NaOH (10 N) is added to this product and the mixture heated with an attached condenser. 

This produces ammonia gas, which is bubbled through a solution of boric acid to give ammonium 

borate. Finally the nitrogen content of the sample is measured via titration using HCl acid (0.01 

N) and methyl red indicator. 

2.4. Batch Adsorption Studies 

A weighed quantity of adsorbent (0.03 g) was added to 100 mL of mercury acetate solution (100–

1000 mg L−1) in a 125 mL Erlenmeyer flask. 0.1 M HNO3 or 0.1 M NaOH was added dropwise to 

adjust pH values and the mixture shaken at a constant speed (150 rpm, Julabo LABORTECHNIK 

GMBH D-7633 Seelbach/Germany) at 303 K for 2 h, before filtering to separate out the metal ion 

solution. The concentration of Hg(II) ions was measured before and after adsorption, using direct 

titration with a standard EDTA solution (0.0005 M).  

The amount of adsorbed Hg(II) at equilibrium, qe (mg g-1) was calculated using: 

 
qe =

V(Co − Ce)

W
 

1 

 

While the percentage removal was calculated via: 

 
Removal % =

(Co − Ce)

Co
∙ 100 

2 

 

where Co and Ce (mg L-1) are the initial metal concentration and metal concentration at 

equilibrium, respectively; W (g) is the weight of adsorbent used, and V is the volume of Hg(II) 

solution (0.1 L). 

2.5. Adsorbent characterisation 

The CT residues, CT-PAN, AHCT and AHCT loaded with Hg(II) ions were characterised using 

Fourier Transform infrared spectroscopy (FTIR), and subsequent assignment of the vibrational 

frequencies of different functional groups present in the adsorbent structure and any resulting 



6 

bonds between mercury ions and the adsorbent surface. Averaged FTIR spectra of the samples 

were obtained over a wavelength range of 4000–400 cm-1 (scan interval: 1 cm-1, number of scans: 

120) using KBr discs containing 2-10 mg of sample in 300 mg of KBr, using a Perkin–Elmer 

Spectrum 1000 spectrophotometer. The morphology of the AHCT adsorbent was investigated 

using scanning electron microscopy (SEM); the adsorbent samples were coated with chromium 

on carbon tape, prior to analysis (TESCAN CE; Type: VEGA 3 SBU; No.:117-0195- Czech 

Republic). Images were taken at 2000× magnification. Energy-dispersive X-ray (EDX) analysis 

was performed for the AHCT adsorbent, using a dispersive X-ray fluorescence (EDX) 

spectrometer Model (Oxford) attached to the SEM Model JEOL-JSM-5600, to allow 

determination of the presence or absence of mercury. The textural characteristics of the AHCT 

adsorbent were investigated via nitrogen adsorption at 77 K using an Autosorb I. Analysis of the 

data obtained was performed using Brunauer-Emmet-Teller theory; mesopore volume, external 

surface area, and mesopore surface area were determined using the t-plot method; while the 

Barrett-Joyner-Halenda technique was used to calculate the average pore width and determine the 

pore size distribution.  The pH at point of zero charge (pHpzc) of the AHCT adsorbent was 

evaluated by separately adding 100 mL of 0.01 N NaCl to a series of conical flasks and adjusting 

the pH of the suite of solutions, using 0.01 N HCl and 0.01 N NaOH, to pre-selected values 

within the range 2 to 12. Once equilibrium was established for each solution, the initial pH was 

recorded, whereafter, 100 mg of the AHCT adsorbent was dispersed in each conical flask and 

incubated for 24 h to obtain the final pH. The initial and final pH values were plotted, with the 

intersection points of the plots designated as the pHpzc of the adsorbent. 

2.6. Error analysis 

The suitability and accuracy of the suite of kinetic and isotherm models used in to fit the data 

obtained in this study were evaluated using the coefficient of determination (R2) and absolute 

relative error (ARE) [20], shown in Equations 3 and 4, respectively. ARE and R2values close to 

unity were used as criteria for selection of the kinetic and isotherm models that best described the 

experimental data.  

 𝑹𝟐 =
∑(𝒒𝒆𝒄𝒂𝒍 − 𝒒𝒎𝒆𝒙𝒑)

𝟐

∑(𝒒𝒆𝒄𝒂𝒍 − 𝒒𝒎𝒆𝒙𝒑)
𝟐
+ (𝒒𝒆𝒄𝒂𝒍 − 𝒒𝒎𝒆𝒙𝒑)

𝟐 

3 
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 𝑨𝑹𝑬 =
𝟏𝟎𝟎

𝒏
∑[

𝒒𝒆,𝒊,𝒄𝒂𝒍 − 𝒒𝒆,𝒊,𝒆𝒙𝒑

𝒒𝒆,𝒊,𝒆𝒙𝒑
]

𝒏

𝒊=𝟏
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where n, qexp, and qcal are the range of input data, experimental, and calculated uptake of Hg(II) 

ions, respectively.  

3. Results and Discussion 

3.1. Adsorbent characterization 

The FT-IR spectra of raw CT residues, PAN-CT, AHCT and AHCT loaded with Hg(II) ions are 

shown in Figure 1. The difference in the fingerprint peaks for the samples confirm successful 

grafting, amination and adsorption processes. Figure 1a shows a broadband at 3370 cm−1, 

characteristic of hydroxyl groups, as expected for the cellulosic structure of CT. The band at 

2953 cm−1 can be ascribed to C–H stretching vibrations, while the bands observed at 1749 and 

1051 cm−1 are attributed to ether C=O and C–O stretching, respectively. Figure 1b shows the 

appearance of a new, sharp peak at 2249 cm−1, characteristic of cyanide groups, which are 

expected from the grafting of acrylonitrile to CT. The spectrum also exhibits a broad band at 

3401 cm−1 due to hydrogen bonding between the –OH group of CT and the tertiary amine groups 

of the grafted chains of PAN-CT. The FT-IR spectra shown in Figure 1c shows a narrowing and 

weakening of the cyanide group peak at 2252 cm-1; these results clearly indicate the conversion of 

cyanide groups to hydroximoyl amine groups through treatment with hydroxylamine. Finally, 

Figure 1d shows a small shift in the absorbance peaks for Hg (II) ion loaded AHCT compared 

with the other three materials. The broadband observed at 3382 cm−1 shifts to 3390 cm−1, while 

the peaks at 2960 and 1679 cm−1 shift to 2953 and 1681 cm−1, respectively. The peak observed at 

1075 cm−1 was shifted to 1078 and 1059 cm−1. Such shifts, attributable to the coordination of 

Hg(II) ions, have been observed previously [21]. 

The morphology of AHCT, as determined by SEM, is presented in Figure 2a and reveals a 

disordered and agglomerated material with several pore types. There are no significant changes in 

adsorbent morphology after adsorption of Hg(II) ions (Figure 2b), indicating that AHCT is a 

robust adsorbent with favourable potential for commercialisation. EDX spectra of AHCT loaded 

with Hg(II) ionsshows a sharp peak for elemental Hg, present at 9% of the surface composition, 

and confirming the adsorption of Hg(II) ions onto the surface of AHCT. 
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The textural characteristics of AHCT were determined via N2 sorption, which showed a very low 

BET surface area (6 m2 g-1) with a similarly small total pore volume (0.01 cm3 g-1); the material 

can be categorised as mesoporous with an average pore width of 7 nm [22], which is useful for 

aqueous phase applications, allowing mass transport and adsorption of Hg(II) ions. The low BET 

surface area is expected due to the natural precursor used and the additional steps of polymeric 

grafting and conversion to AHCT. While the surface area of AHCT is relatively low, this may not 

negatively impact the adsorption capacity, which may be related to the high density of active 

surface functional groups, and similar studies, on relatively high metal adsorption on low specific 

surface area adsorbents, have been reported previously in the literature [4, 23].  

3.2. Factors affecting grafting reaction 

3.2.1. Effect of reactant species 

Figure 3 shows the effect of liquor ratio on the resulting nitrogen content of CT residues grafted 

with AN.  It can be seen increasing liquor ratio, from 2.5 to 12.5, results in a decrease in the 

amount of nitrogen incorporated into these samples (4.1 to 1.3%). However, all conditions show 

an increase in nitrogen content compared with raw CT residues, which contain 0.3 wt% nitrogen. 

This demonstrates that a liquor ratio of 2.5 is the optimal ratio used here by providing the most 

suitable environment for reactant collision [24]. It should be noted that there is a limiting 

minimum amount of solution that can be used so additional improvement in this parameter would 

be limited. 

The nitrogen contents of modified CT materials, as a function of ammonium cerium(IV) nitrate 

concentration, are shown in Figure 4. It is evident that, by increasing the concentration of 

ammonium cerium(IV) nitrate from 2.5 to 5 mmol L-1, the percentage of nitrogen present in the 

grafted samples increases (3.2 to 4.1%). However, additional increase in the concentration of 

ammonium cerium(IV) nitrate results in a decrease in the nitrogen content of PAN-CT to levels 

below that produced by 2.5 mmol L-1. The initial increase observed for this parameter is probably 

due to increased initiation of the grafting process, where after, higher concentrations, above 

5 mmol L-1, may cause an increase in radical cellulose CT before addition to acrylonitrile, as well 

as the formation of homopolymers causing a decrease in grafting onto CT itself [25].  

By selecting the optimum concentration of ammonium cerium(IV) nitrate at 5 mmol L-1, the 

effect of acrylonitrile monomer concentration was investigated. Figure 5 shows the variation in 
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nitrogen content versus monomer concentration. There is a clear trend of increasing nitrogen 

incorporation with increasing acrylonitrile concentration (1.7 to 4.9%), which is likely due to the 

increased availability of acrylonitrile molecules to react with CT residues at higher 

concentrations. The cellulosic hydroxyls will be immobile on the CT residue surfaces, hence, 

these grafting sites, and their reaction, would depend on the availability and proximity of 

acrylonitrile molecules for the reaction [25] . 

3.2.2. Effect of reaction conditions 

Figure 6 shows the effect of reaction temperature on the nitrogen content of grafted samples. It 

can be seen that, when the polymerization temperature increased modestly from 40 to 50 oC, the 

nitrogen content increased significantly from 2.9 to 4.3%. Additional increase in reaction 

temperature does not enhance the grafting process but rather results in a decrease in nitrogen 

content.  

The observed increase in nitrogen content at lower temperatures may be related to the favorable 

effect of temperature on (a) the diffusion of AN on MT residue cellulose structure;(b) the 

swellability of cellulose, (c) the ceric-cellulose complexes and its further dissociation, and (d) the 

mobility and collision of AN molecules with cellulose macro- radicals to initiate grafting. On the 

other hand, the decrease in percentage nitrogen of the grafted samples at temperatures above 50 

oC could be attributed to faster termination rates and higher range of the formation of 

homopolymers at higher temperatures, as well as the catalytic effect of temperature on the 

grafting reaction [25]. 

Using the optimised reaction temperature of 50 oC, the effect of reaction time on nitrogen content 

was studied and the results are presented in Figure 7. The percentage of nitrogen in the grafted 

samples increases from 2.1 to 4.25% by increasing the duration of the reaction from 30 to 120 

minutes and remained at about the same level for higher reaction times. The increase in the 

percentage of grafted samples of nitrogen by increasing the length of time could be correlated 

with the beneficial effect of time on (a) the formation of ceric-cellulose complex and its further 

dissociation and development of CT cellulose macro-radicals capable of initiating grafting; (b) the 

mobility and diffusion of AN molecules from the aqueous phase to the cellulose phase and (c) the 

spread of the graft [25] . 
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3.3. Factors affecting Hg(II) adsorption onto AHCT 

3.3.1. Point of zero charges (pHpzc) and the effect of pH 

Figure 8a shows the pHpzc results obtained for the surface of the AHCT adsorbent, allowing 

determination of the pH at which this surface has a neutral charge, which is pH 7 in this case. This 

indicates that the surface of AHCT is neutral in nature; when the pH value of the solution is 

higher than the pHpzc, i.e. the whole basic range in this case, then the surface charge of adsorbent 

will be negative and the system will favour the binding of cations and acidic pH values, lower 

than the pHpzc, will result in a positive surface charge making adsorption of cations unfavourable 

[26]. [Shifted] 

As stated above, Figure 8a shows that the pHpzc of the AHCT adsorbent is 7; consequently, with 

adsorption of cations thereby favoured in acidic conditions, the effect of pH on the adsorption of 

Hg(II) ions by AHCT, in the range pH 2–6, was studied for an initial Hg(II) ion concentration of 

300 mg L-1. The results obtained are shown in Figure 5a, and the adsorption of Hg(II) is seen to 

increase from 23.7 to 178.4 mg g-1 with increasing pH, reaching a maximum at pH 6. At high 

acidity the adsorbent surface will be covered with H3O
+ ions, and Hg(II) ions would need to 

compete with these other cations for adsorption sites. The increase in pH to a value of 6, causes 

the competing effect of H3O
+ to be diminished, and the positively charged Hg(II) ions are able to 

adsorb more easily on the freely available binding sites of the adsorbent [27], which appears to be 

counterintuitive to the pHpzc results discussed above. The pH of 6,which is lower than the pHpzc, 

results in the adsorbent surface being predominantly positive; this is a result of the protonation of 

the nitrogen atoms in the amino groups introduced onto the surface of PAN-CT via reaction with 

hydroxylamine. This positive surface would be reasoned to undergo electrostatic repulsion with 

the Hg(II) cations in solution [28], making adsorption unfavourable, however, the adsorption 

mechanism for Hg(II) ions can alternatively be attributed to the formation of metal complexes 

with the nitrogen in the amine groups of the AHCT rather than direct interaction with the 

cellulosic backbone. In addition, cations may interact with the oxygen atoms of the hydroxyl 

groups on the AHCT structure, dependent on solution pH. 

3.3.2. Effect of adsorbent dose 

It has been previously observed, in many studies, that adsorbent dose influences the uptake of 

target species from solution, including metal ions. The effect of adsorbent dose on the adsorption 
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capacity of AHCT for Hg(II) ions was studied at pH 6, using adsorbent doses in the range 0.3–

8 g L-1, and an initial metal ion concentration of 300 mg L-1 (Figure 9). It can be seen that the 

adsorption capacity (qe) of Hg(II) ions, per gram of adsorbent (mg g-1), decreased from 175 to 

37 mg g-1 with increasing adsorbent dose, up to 8 g L-1. The decrease in adsorption capacity with 

increasing adsorbent dose, while counterintuitive, can be attributed to the high number of 

unsaturated adsorption sites, hence the decrease per unit mass, as well as overlap of adsorption 

sites, and overcrowding of the adsorbent particles, as has been observed previously for Hg(II) ion 

adsorption [21]. 

3.3.3. Effect of contact time 

The effect of contact time on the adsorption capacity of AHCT towards Hg(II) ions, at initial 

adsorptive concentrations in the range of 200 to 800 mg L-1, is shown in Figure 10. The capacity 

of AHCT to adsorb Hg(II) ions increased with increasing contact time, achieving equilibrium 

within 60 min for all initial concentrations, after which plateaus are observed and no further 

improvement is observed. This equilibrium time is relatively short [29], which is an important 

consideration in the development of an economically viable wastewater treatment system. 

3.3.4. Isothermal analysis of Hg(II) ion adsorption on AHCT 

Adsorption isotherms offer insight into the interactions that take place between an a selected 

adsorbate and an adsorbent; the resulting information that can be obtained from their shape and 

interpretation/analysis provides scope for optimisation of adsorption systems, particularly the 

adsorbent species. Evaluation of the equilibrium amount of adsorbate taken up per unit mass, qe 

(mg g-1), and the adsorbate equilibrium concentration, Ce (mg L−1), provides the information 

required to plot the associated adsorption isotherm. The maximum uptake capacity for adsorption 

of Hg(II) ions onto AHCT at 30 oC was determined using the Langmuir, Freundlich and Temkin 

models. Parameters and goodness of fit are detailed in Table 1. Each of the three isotherm models 

selected are based on two parameters, and fits to the experimental isotherm data obtained in this 

study were evaluated by determining ARE and R2 values for each model. The calculated isotherm 

parameters and their corresponding ARE analysis of the parameters and R2 values are listed in 

Table 1. The isotherm models are ordered, in terms of best fit to the experimental data, as 

Langmuir > Freundlich > Temkin. Langmuir being selected as the most appropriate model as it 

gave the highest R2 value, as well as the lowest ARE values, indicating that it gave the best 
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overall fit to the data for adsorption of Hg(II) onto AHCT (Figure 11). The Langmuir isotherm 

model gave an final equilibrium uptake of 273 mg L-1, and the Freundlich model, marginally less 

good at describing the experimental data, gave an n value of 3.2, which being in the range 0-10 

indicates that adsorption of Hg(II) ions onto AHCT is favourable. The value of 1/n < 1 suggests a 

slight suppression of adsorption at lower equilibrium concentrations. In comparison with other 

adsorbents reported in the literature for adsorption of mercury, the AHCT adsorbent offers a high 

degree of affinity for removal of mercury, as shown in Table 2 [8, 30-35]. The equations of all 

adsorption isotherms [36-38] addressed in this paper are listed in Table 3. The comparison 

between the experimental data and the data obtained from isotherm models (Figure 11) as well as 

the constants, R2 and ARE of isotherm models are listed in Table 1.  

3.4.  Adsorption kinetics 

In addition to studying the equilibrium behaviour of adsorption systems, it is critical to understand 

their approach to this equilibrium by also studying the kinetics of adsorption, which can provide 

insight into the mechanism of adsorption. In this work, three models were used to model the 

kinetics of Hg(II) ion adsorption onto AHCT: pseudo-first-order, pseudo-second-order, and intra-

particle diffusion. The kinetic process of the pseudo-first-order is usually considered physical 

adsorption and is diffusion controlled. The non-linear mathematical form of the pseudo-first-order 

model [39] is given by: 

 𝑞𝑡 = 𝑞𝑒[1 − 𝑒𝑥𝑝(−𝑘1𝑡)] 5 

where qt is the amount of Hg(II) ions adsorbed (mg g-1) at time t (min), qe is the amount of Hg(II) 

ions adsorbed (mg g−1) at equilibrium, and k1 is the rate constant of adsorption (min-1). The non-

linear plots of pseudo first-order of Hg(II) ions onto AHCT at a range of concentrations are 

shown in Figure 12. The values of k1, and qe along with R2, and ARE were summarised in Table 

4.  

The pseudo-second order kinetic model [40] can be expressed by: 

 𝑞𝑡 =
𝑘2𝑞𝑒

2∙𝑡

(1 + 𝑘2𝑘𝑒𝑡)
 

6 

 

where qt, qe and t are as defined above,and k2 (g mg−1 min−1) is the rate constant for adsorption. 

This model assumes that the rate of adsorption is controlled by the sharing of electrons between 
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the adsorbent and adsorbate, i.e. a chemical process. The non-linear plots of pseudo second-order 

adsorption of Hg(II) ions onto AHCT at a range of concentrations are shown in Figure 13. The 

values of k2, and qe along with R2, and ARE were summarised in Table 4. The results of the 

statistical regression presented in Table 4 reveals that the pseudo second order model show a high 

degree of correlation with the experimental data, giving a minimum absolute residual error (ARE) 

and R2 values close to unity. This suggests the mechanism of Hg(II) adsorption onto the AHCT 

adsorbent is controlled by chemisorptions [41]. 

The overall kinetics of adsorption process, when controlled by intra-particle diffusion [42], can be 

expressed by: 

 𝑞𝑡 = 𝑘𝑖𝑑𝑡
0.5 + 𝑞𝑒 7 

where qt, qe, and t are as defined above, and kid (mg g−1 min1/2) is the intra-particle diffusion rate 

constant. Previous studies report that a plot of qt vs. t1/2 gives multi-linear steps controlled by the 

adsorption process [3, 43]. The values of the intercept, C , as detailed in Table 4, give an idea 

about the boundary layer thickness, i.e. the larger the intercept, the greater is the boundary layer 

effect [44]. The rate of diffusion was determined, as this is the rate controlling step in the 

adsorption process, which incorporates the transport of adsorbate from the bulk solution to the 

interior surface of the pores in AHCT. Likely that the transport of metal ions from the solution 

into the pores of the adsorbent is the rate controlling step in batch experiments, especially with 

rapid agitation[45]. The rate parameter for intra-particle diffusion, was determined for the six 

concentrations of Hg(II) used in this study (Figure 14), and the values of kp are listed in Table 4.  

The results reveal a two-segment linear plot, indicating that the mechanism of adsorption of 

Hg(II) on AHCT could be controlled by two or more processes [46, 47], which is in agreement 

with the fits observed for the pseudo-second-order model. In the first segment, the initial 

adsorption begins with an initial region of very rapid film diffusion, followed by slower intra- 

particle diffusion at the second stage, as the system approaches or attains equilibrium. The slope 

of the plot (Fig. 14) is a rate parameter, which is a characteristic of an adsorption system where 

intra-particle diffusion is rate controlled. Also, the second segment deviates from the origin, 

which can be attributed to a difference in the mass transfer rate between the initial and final 

adsorption stage [48]. 
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The results obtained for all models, suggest that the removal of Hg(II) ions from aqueous solution 

onto the surface of AHCT may occur via the following (i) chelation between the electron-

accepting Hg(II) ions and the electron donating electrons found in the nitrogen and oxygen 

containing functionalities of AHCT, and (ii) intra-molecular dispersion, involving (a) movement 

of the adsorbate from the bulk of the solution to the outside of the adsorbent, (b) dispersion of the 

adsorbate through the boundary layer to the external surface of the adsorbent, (c) adsorption at the 

dynamic sites on the external surface of AHCT, and (d) intra-particle-diffusion of the Hg(II) 

particles into the inside pores of the adsorbent.  

 
Scheme 1: Schematic presentation of proposed complex structure between AHCT and Hg(II) 

ions. 

4. Conclusions 

Camelthorn, CT particles were grafted by treatment with acrylonitrile to obtain poly(AN-grafted 

camelthorn. Factors affecting the grafting of CT were investigated. These factors were liquor 
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ratio, ammonium cerium (IV) nitrate concentration, acrylonitrile concentration, reaction time and 

temperature. The grafted product was modified with hydroxylamine hydrochloride in basic 

medium to obtain aminated hydroximoyl camelthorn (AHCT). The AHCT samples were 

characterized by FT-IR spectral analysis, BET surface area, and SEM before and after adsorption 

of Hg(II). The nitrogen content of CT and AHCT were also determined. The AHCT were utilized 

for the extraction of Hg(II) ions from aqueous solution by using batch adsorption technique. The 

results indicated that the adsorption capacity of aminated hydroximoyl camelthorn towards Hg(II) 

ions was affected by the contact time, adsorbent dose, pH and adsorbate concentration. The data 

of the adsorption isotherm was tested by the Langmuir, Freundlich and Temkin using non-linear 

regression technique at 30°C. The results obtained showed that the maximum adsorption capacity 

according to the Langmuir equation was 272.9  mg/g at 30°C. The kinetics of adsorption of Hg(II) 

onto aminated hydroximoyl camelthorn have been discussed using three kinetic models, i.e. the 

pseudo-first-order model, the pseudo-second-order model, and the intraparticle diffusion model 

using non-linear regression . The adsorption of Hg(II) onto aminated hydroximoyl camelthorn 

could be well described by the pseudo-second-order kinetic model and intaparticle diffusion 

models indicating that the mechanism was chemisorptions. The best fitting model was firstly 

evaluated using two different error functions. The examination of these error estimation methods 

showed that the Langmuir model provide the best fit for experimental data than other isotherms 

indicating that the Hg adsorption occurred through the formation of a monolayer sorption. 

Consequently, aminated hydroximoyl camelthorn residues offer an effective method of Hg (II) 

ion removal from aqueous solutions, demonstrating its potential role in water remediation 

processes. 
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Tables 

 

Table 1: Isotherm constants obtained for fits of two-parameter isotherm models applied to 

adsorption data obtained for Hg(II) ions  adsorption onto AHCT residues, at 30 oC 

Isotherm Model Parameter Value Error Analysis Value 

Langmuir aL 0.0035(l/mg) R2 0.998 

 qmax 272.867 (mg/g) ARE 0.317 

 kL 0.947 (l/g)   

Freundlich n 3.219 R2 0.988 

 KF 25.470 (mg/g) ARE 1.196 

Temkin AT
 0.329 (l/g) R2 0.974 

 bT 81.789 (mg/l) ARE 1.464 

 

 

Table 2: Comparison of sorption capacities of various adsorbents for Hg(II) 

Adsorbent Adsorption capacity / mg g-1 Reference 

Functionalized bagasse-derived carbon 98  [8] 

Chemically modified peanut hull 83.3 [25] 

Carica papaya  155.63 [26] 

Chemically treated sawdust (Acacia arabica)  20.62 [27] 

Carboxymethylated granular activated carbon  19.72 [28] 

Silica multiwall-carbon nanotubes 163 [29] 

Eucalyptus globules bark carbon 4.014 [30] 

Aminatedhydoximoyl manna tree (AHMT) 272.9 Present study 
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Table 3: List of non-linear adsorption isotherm models used 

Isotherm Equation (Non-linear form) Reference 

Langmuir 

eL

eL
e

Ca

Ck
q

.1

.

+
=  

29 

Freundlich n

eFe CKq
/1

.=  30 

Tempkin 
)ln( eT

T

e CA
b

RT
q =

 

31 

 

 

Table 4: Kinetic parameters for the adsorption of Hg(II) ions onto AHCT at different initial 

concentrations 

Parameters Co(mg/l) 

200 300 500 600 800 

qeexp (mg/g) 165.0 175.6 228.8 244.8 255.5 

Pseudo-first-order  

qe /mg g-1 154.6 170.7 213.4 229.5 246.2 

K1 / min-1 0.1046 0.101 0.0988 0.097 0.086 

R2 0.995 0.994 0.994 0.994 0.993 

ARE 0.559 0.608 0.668 0.672 0.651 

Pseudo-second-order  

qe/mg g-1 170.4 179.9 235.7 253.9 270.2 

K2 / g mg-1 min-1 0.0009 0.001 0.001 0.001 0.001 

R2 0.999 0.999 0.999 0.999 0.999 

ARE 0.160 0.265 0.220 0.220 0.259 

Intra-particle  

k id 6.01 6.90 9.02 9.81 9.15 

C 99.1 100.0 130.0 137.6 155.2 

R2 0.992 0.991 0.992 0.992 0.989 

ARE 0.740 0.732 0.690 0.721 0.895 

 



24 

Figures 

 

 

Fig. 1: FT-IR of CT residues (a), PAN-grafted-CT (b), AHCT (c) and AHCT-loaded-Hg(II) ions 

(d). 

 

 

Fig. 2. SEM of AHCT residues (a) and AHCT -loaded Hg(II) ions (b). 
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Grafting conditions: CT residues: 4g; AN, 22.811 mmol /l; CAN, 5 mmol /l; time, 2h; 

temperature, 60 oC. 

 

 

Grafting conditions: CT residues: 4g; AN, 22.811 mmol /l; L. R., 2.5; time, 2h; temperature, 60 

oC. 
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Fig. 3: Effect of liquor ratio on N% of poly(AN)-grafted CT residues.
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Fig. 4: Effect of CAN concentration on N% of poly(AN)-grafted CT 
residues.
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Grafting conditions: CT residues: 4g; CAN, 5 mmol /l; L.R, 2.5; time, 2h; temperature, 60 oC. 

 

 

Grafting conditions: CT residues: 4g; AN, 22.811 mmol /l; CAN, 5 mmol/l; L. R., 2.5; time, 2h. 
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Fig. 5: Effect of AN concentration on N% of poly (AN)-grafted CT 
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Fig. 6: Effect of reaction temperature on N % of poly (AN)-grafted 
CT residues.
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Grafting conditions: CT residues: 4g; AN, 22.811 mmol/l; CAN, 5 mmol/l; L.R, 2.5; reaction 

temp. 50 oC.  
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Fig. 7: Effect of reaction time on N % of poly (AN)-grafted CT 
residues.
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Reaction conditions: Hg(II) ion conc. ,300 mg/l ;adsorbent concentration, 

0.3 g/l ; 

 contact time , 2h ; reaction temperature ,30 °C and  particle size range,50-

120 μm. 
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Fig. 8a: Point of zero charge of AHCT residues surface.
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Fig. 8b: Effect of pH on adsorption capacity of  Hg(II) ions onto AHCT 
residues at 30 oC.
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Reaction conditions: Hg(II) ion conc. ,300 mg/l ; pH, 5; contact time , 2h ; reaction temperature, 30 oC  

and particle size range,50-120 μm. 
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Fig. 9: Effect of adsorbent conc. on both adsorption capacity and % 
removal of Hg(II) ions onto AHCT residues at 30 oC.
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Fig. 10: Effect of contact time and adsorbate concentration on 
adsorption capacity of Hg(II) ions onto mannatree residues at 
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Fig. 11: Comparision between the two isotherm models and 
experimental data. 
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Fig.12: Non-linear plots of pseudo-first-order models for adsorption of 
Hg(II) ions onto AHCT residues at different concentrations.

qt(PFO-200)

qt(PFO-300)

qt(PFO-400)

qt(PFO-500)

qt(PFO-600)

qt(PFO-800)

200-R2= 994832, ARE=0.55991
300-R2=0.993513, ARE= 0.608488
400-R2 =0.993057, ARE=0.711437
500-R2 =0.99387, ARE= 0.667518
600-R2 =0.994014, ARE =0.672232
800-R2 = 0.993371, ARE=0.650661,     
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Fig.13: Non-linear plots of pseudo-second-order models for adsorption 
of Hg(II) ions onto AHCT residues at different concentrations.
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qt(PSO-500)

qt(PSO-600)

qt(PSO-800)

200-R2=0.999546, ARE=0.160456

300-R2=0.998544, ARE=0.264612

500-R2=0.999304, ARE=0.220077

600-R2=0.999186, ARE=0.220169
800-R2=0.998841, ARE=0.259775
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Fig.14: Test of intra-particle models for adsorption of Hg(II) ions onto AHCT 
residues at different concentrations. qt(PSO-200)

qt(PSO-300)

qt(PSO-400)

qt(PSO-500)

qt(PSO-600)

qt(PSO-800)

200=R2=0.991707, ARE=0.740305
300-R2=0.991409, ARE=0.731918

400-R2=0.992777, ARE=0.627471
500-R2=0.992094, ARE=0.690451
600-R2=0.991547, ARE=0.721252
800-R2=0.989077, ARE=0.894929


