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Abstract
Different nonionic biocomposite frameworks were prepared by supporting carboxymethylated chitosan
polypropylene glycol on active carbon and characterized using su�cient characterization techniques. The
prepared biocomposites comprised different modi�ed chitosan to active carbon ratios. The
biocomposites were achieved during remediation of chromium (III) ions from an aqueous medium. The
in�uences of pH, chromium (III) ions concentration, time, and weight used in the remediation process
were extensively studied to point out the optimized process conditions. The assigned optimum conditions
of chromium (III) ions remediation were: 25 oC, using 0.6 g sorbents, and 100 ppm of ions concentration
for 300 minutes at semi-neutral to neutral pH range of 6–7 to attain removal e�ciency of 98.7%. The
process was followed Freundlich adsorption isotherm and pseudo-second-order kinetics. The
accumulation of ions onto biocomposites was regulated according to the intraparticle diffusion model,
and the rate-determining step was the diffusion step. Increasing the active carbon-modi�ed chitosan ratio
in the biocomposites from 1:4 to 4:1, enhanced the remediation effectiveness of carboxymethylated
chitosan in terms of equilibrium adsorption capacities increase from 67.93 mg/g to 70.25 mg/g. An
opposing attitude was achieved by increasing the incorporated active carbon in the biocomposites during
their antimicrobial e�cacies assessments. The study presents a low-cost, eco-friendly, highly effective
eliminator for highly contaminated aqueous media with Cr3+ ions. Furthermore, the prepared adsorbents
exhibited high elimination e�ciency in the presence of a high abundance of Cr3+ in the medium.

1. Introduction
The extensive utilization of heavy metals in industrial activities leads to a gradual rising in their ionic
abundance in the activities drain water, which causes diverse ecological and health defects.
Consequently, economic feasibility, sustainability, and effective remediation of various varieties of lethal
contaminations have priority during ecological studies and research[1–3]. Chitin, chitosan, and
agricultural wastes [4] are important substrates for remediation processes, which are ecofriendly and
have the ability towards bio-deterioration [5]. During the removal of different pollutants from wastewater,
including dyes, organics, metal ions, and drugs, chitosan represented marvel removal e�ciency for all
these pollutants[6, 7]. Chitosan is the second abundance biopolymer in nature that comes from the de-
acetylation of chitin, the �rst abundant biopolymer in nature[8]. Chitosan lacks toxicity, is highly
biocompatible, and has fast bio-deterioration; consequently, it attracted the attention of researchers for
producing economically and e�ciently modi�ed adsorbents[9, 10]. Due to its superior characteristics,
chitosan was modi�ed to produce hydrogels with high swelling tendency, microcapsules, and
microspheres, with enhanced mechanical and diffusion characteristics[11]. The motivating centers for
chitosan adsorption tendencies are the amino (-NH2), and hydroxyl (-OH) groups. These groups are not
enough for presenting high adsorption tendencies for pure chitosan biopolymer, but chitosan always
requires chemical modi�cations in its skeleton to present the required and expected e�ciency[12, 13].
Several chemical modi�cations can be performed for pure chitosan to increase its susceptibility during
adsorption. The modi�cation processes include the introduction of glutaraldehyde[14, 15], glyoxal[16],
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N,N-[bis(2-hydroxyl-3-formyl-5-methylbenzyl-dimethyl)]ethylene diamine[17], and ethylene glycol
diglycidylether[18], in addition to carboxymethylation of chitosan to obtain caboxymthyl chitosan[19].
These derivatives contain hydroxyl (-OH), carboxyl (-COOH), amino (-NH2) groups, which are good
candidates for high adsorption e�ciency.Active carbon is a natural product that can be produced from
several processes including pyrolysis of biomass[20], charring of agricultural wastes, and chemical
modi�cation of organic wastes [21]. Active carbon can be used in wastewater treatment due to the
presence of several active functional groups with high abundance which are mainly hydroxyl and
carboxyl groups, in addition to some ester and carbonyl groups[22]. Wheat straw [23], waste biomass [24],
seeds shells [25], and other agricultural products can be used as feedstock for the production of active
carbon.Cr metal ions are presented in water sources in + 3, +5, and + 6 oxidation states, and the last is the
most lethal form of them, due to its particular damages on DNA[26]. Among several applications:
catalysts, glass production, and leather tanning used Cr3+salts are extensivelyused.Nevertheless,
Cr3+effectively impacts some biological and metabolic processes, at which glucose level is increased in
the cells. Hence, it was a necessity to establisha save protocol for the elimination of Cr3+[27]. Among
chemical oxidation [28], �occulation/coagulation [29], and biological remediation[30]; the adsorption
method is regarded as a talented process for metal ions removal from contaminated water. This is due to
its advantages including cost-effectively, easinessduring the application, the diversity of contaminants
and pollutants which can be removed, high capacity during adsorption, and minimum produced
sludge[31].In this study, carboxymethylated chitosan polypropylene glycol-active carbon biocomposite
was prepared using different active carbon ratios and characterized. The biocomposites were achieved in
the removal of chromium (III) ions from an aqueous medium. The in�uences of pH, chromium (III) ions
concentration, time, and weight used in the remediation process were extensively studied. The adsorption
isotherm and kinetic models of the process was studied

2. Experimental Section

2.1 Materials
Chitosan (CHI, 20–100 mPa/s)waspurchased from Shaanxi Pioneer Biotech Co., Ltd. Chloroacetic acid,
triethylamine, sodium hydroxide, 2-propyl alcohol, methyl alcohol, and sodium bicarbonate were procured
from Sinopharma Chem. Co., CHINA. Propylene oxide and activated carbon were purchased from Henan
Tianfu Chemical Co., Ltd,

2.2 Preparation of carboxymethyl chitosan
Carboxymethyl chitosan was prepared according to the reported methodology [32]. In a typical method,
CHI (7.5 gram), and sodium hydroxide (10.13 gram) were suspended in a suitable amount of 2-propyl
alcohol (225 mL), and the medium moved at room temperature for2 h. Alcoholic solution of chloroacetic
acid (7.5 g) in 50 mL of 2-propyl alcohol was added portion-wise during 1 h, and the temperature then
was raised to 60 oC for 3 h; followed by �ltration and recrystallization of the product from 75% aqueous
methyl alcohol, and dried overnight to obtain the carboxymethylated chitosan (CMCN), (Scheme 1).
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2.3 The reaction of CMCN and propylene oxide
Dried CMCN (5 g) was swelled in 5% ethanolic solution of acetic acid for 3 h under stirring, and then the
reaction medium was desiccated at 65oC for one day. The produced chitosonium acetate product (5 g),
propylene oxide (0.3 mol, 17.4 g), and triethylamine (1 mL) were charged into a 250 mL closed glass
reactor and tightly closed, and agitated at 45 oC for 10 h. The reactor was cooled to room temperature
and evacuated (0.5 atm) at 40 oC for 1 h to eliminate triethylamine and excess propylene oxide and
weighted32. The product then was neutralized by washing with sodium bicarbonate solution (0.1 M/20
mL), and then the product was dried at 80 oC under vacuum for 4 h, (Scheme 1).

2.4 Formation of CMCN-PG/activated carbon biocomposite
CMCN/PG and activated carbon were swelled individually in deionized water for 4 h, at 40 oC. Then, the
two suspensions were mixed in different weight percent ratios (1:4, 1:1, 4:1 CMCN/PG: AC) and agitated
at 50 oC for 4 h, followed by ultrasonic treating for 2 min (50% strength, CP505, Cole-Parmer, USA) to
obtain the dispersed CMCN-PG/AC[33]. The dispersed product was settled down and decanted several
times from distilled water, followed by drying under vacuum at 80 oC for 24 h to obtain three
biocomposites, designated as CMCN-PG-AC4, CMCN-PG-AC, and CMCN-PG4-AC (Scheme 1)
corresponded to the weight ratio of CMCN-PG to activated carbon.

2.5 Adsorption experiment
Adsorption experiments were progressed for the adsorption of Cr3+ metal ions onto the prepared
biocomposites to determine the various parameters which in�uence the adsorption e�ciencies of the
biocomposites. The determined parameters were: in�uence of process time, initial metal ion
concentration, amount of processed biocomposite, and pH of the medium.

The amount of biocomposite: different weights of the prepared biocomposites (0.1, 0.2, 0.3, 0.4, 0.5, and
0.6 g) were dispersed individually mechanically in 100 mL of Cr3+ solution (100 ppm) for 120 min.
Process time:0.6 gram of biocomposite disseminated in 100 mL of Cr3+ solution (100 ppm) for different
durations (60, 120, 180, 240, 300, and 360 min). Metal ion concentration:0.6 gram of biocomposites
disseminated in 100 mL of Cr3+ solution (50, 100, 150, 200, and 250 ppm) for 120 minutes. pH: 0.6 gram
of each biocomposite disseminated in 100 mL of Cr3+ solution (100 ppm) at different pH values (4–9) for
120 min. Each run was progressed in a 200 mL vessel with a stirring rate of 150 rpm under the
thermostated condition at 25 oC. After each run, the medium was �ltered, and the �ltrate was collected
and stored, while the residual biocomposites were dried and kept for further analysis. The concentration
of the residual Cr3+ ions was determined using atomic absorption spectroscopy (Agilent-220 FS Atomic
Spectrophotometer, United States).

The removal percentage of the metal ions was calculated using Eq. 1:
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Removal% =
Co − Ce

Ce
× 100

1
Co, Ce: initial and equilibrium concentrations of Cr3+ ions, respectively.

2.6 Adsorption isotherm
Adsorption equilibrium study was carried out using 0.5 g of biocomposite in 100 mL Cr3+ solution at
different concentrations of 50–250 ppm, pH of 7, and mixing speed of 150 rpm for 300 min. Isotherm
models of Langmuir[34], and Freundlich [35] were applied to the experimental data using Eqs. 2–3,
respectively.

qe and qm (mg.g− 1): concentration of Cr3+ metal ions at equilibrium, the maximum adsorption capacity of

biocomposites; KL is the Langmuir constant (L.mg− 1); KF, n: Freundlich constant, adsorption intensity,
respectively.

2.7 Kinetic study
The adsorption kinetics was determined by considering the in�uence of the immersion time on the
adsorption process. The investigationalstatistics were scrutinized considering pseudo-�rst-order, pseudo-
second-order, and interparticle diffusion renderingEqns. 4–6, respectively[36, 37]. R2 was judged during
inspecting the suitability of the correct model designates the kinetic performances of the adsorption
progression.

k1, k2, t, kint (min− 1, g.mg− 1.min− 1, min, mg.g− 1.min1/2): rate constants of pseudo-�rst and -second order
models, contact time, and interparticle diffusion rate constant, respectively.

2.8 Anti-microbial activity
The modi�ed chitosan-activated carbon biocomposites were screened for their anti-microbial action
using well-diffusion methodology[38], using S. aureus, S. mutants, E. coli, P. aeruginosa, and
K.pneumonia, C. Albicans, and A. Nigar, as tested micro-organisms, while ampicillin and gentamicin



Page 6/33

operated as standards for the used bacterial genera, and dimethyl sulfoxide as a diluent. CMCN-PG-AC4,
CMCN-PG-AC, and CMCN-PG4-AC biocomposites were achieved at a dosage of 15 mg/mL.

3. Results And Discussion

3.1 Adsorbents characterization
3.1.a FTIR spectroscopy(Nicolet 6700, Thermoelectron, USA)

FTIR spectra of both two raw materials (chitosan, and activated carbon) were provided to determine the
essential absorption bands of each one and were shown as follows: FTIR of chitosan bared the
subsequent bands (Fig. 1): broad absorption band centered at 3425 cm− 1 represented for OH and NH2

stretching band[39]−[40]; stretching bands within 2870–2920 cm− 1 resembled C-H bonds[41]; the skeletal
vibrations of C-O-C stretching band at 1026 and 1072 cm− 1; –CH2– bending appeared at 1420 cm− 1;

asymmetric stretching of the C-O-C bridge gotten around 1153 cm− 1; 1540, 1318 cm− 1 C = O amide; 1650
cm− 1 –C = O bending of –NH; 815 cm− 1 C-O-C glycoside bridge[42].activated carbon analysis using FTIR
spectroscopy showed �ve types of absorption bands as follows (Fig. 1): 3500 cm− 1, (2920 cm− 1, 2870
cm− 1), 1690 cm− 1, 1035 cm− 1, and 875 cm− 1 corresponding to O-H stretching, symmetric and
asymmetric stretching of aliphatic C-H, C = O of aldehyde groups, C-O-C of ether vibration, and C = C
(alkenes), respectively [43, 44]. The reaction between chitosan and propylene oxide in the presence of
chloroacetic acid revealed the formation of carboxymethyl chitosan polypropylene glycol polymer
(CMCN-PG). The formation of CMCN-PG was con�rmed by the presence of similar absorption bands of
chitosan with the relative increase in the intensities of the three bands at 1100 cm− 1 corresponded to
ether groups of the formed propylene glycol as the result of the grafting of propylene glycol units in the
main structure of chitosan, and 2920 cm− 1, and 2870 cm− 1 assigned for symmetric and asymmetric
stretching bands of aliphatic C-H of polypropylene glycol units which increased by increasing the
propylene glycol units[45]. Initially, the formation of carboxymethyl chitosan was con�rmed by the
presence of an intense absorption near 1734 cm− 1 corresponding to the formed ester groups, which
proved the methylation of chitosan CMCN(Fig. 1)[46]. The formation of the targeted carboxymethyl
chitosan polypropylene glycol-activated carbon biocomposites (CMCN-PG4-AC, CMCN-PG-AC, and CMCN-
PG-AC4) happened via interaction between the formed carboxymethyl chitosan-polypropylene glycol and
the activated carbon and their chemical structures were con�rmed via FTIR analysis. FTIR spectra of
CMCN-PG-AC biocomposite (representative for the prepared biocomposites) (Fig. 1) showed a
combination of the absorption bands of carboxymethyl chitosan polypropylene glycol and activated
carbon. The essential absorption band of the aldehyde groups characterized the activated carbon was
appeared at 1690 cm− 1, while the absorption band characterized the carboxymethyl chitosan
polypropylene glycol appeared at 1735 cm− 1[19]. The two composites of CMCN-PG4-AC and CMCN-PG-
AC4 showed similar absorption bands with different intensities, con�rming the formation of their
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expected chemical skeleton. The presented FTIR spectra con�rmed the formation of CMCN-PG4-AC,
CMCN-PG-AC, and CMCN-PG-AC4 biocomposites as shown in Scheme 1.

3.1.bSEM image(JEM-7500F, China)

SEM images of the chitosan and the prepared biocomposites were printed in Fig. 2. It is clear that
chitosan has different particle forms ranging between 50 and 200 µm, also it can be seen the
asymmetrical particles in the form of sheets, in addition to a smooth un-voided surface[47]. The formed
biocomposites showed the presence of activated carbon aggregates on the surface of chitosan
�akes[48]. As can be observed in Fig. 2, the gradual increase in the distribution of activated carbon in
chitosan �lm from 1:4 to 1:1, and 4:1 (CMCN-PG4-AC, CMCN-PG-AC, and CMCN-PG-AC4) increases the
crystal-like structures of the activated carbon[49].

3.1.c XRD spectra(Empyrean, Netherlands)

XRD patterns of chitosan, activated carbon, CMCN-PG-AC4, CMCN-PG-AC, and CMCN-PG4-AC
biocomposites were obtained at 2θ of 5 to 80°. XRD patterns of chitosan showed two characteristic
signals at 10o and 20o, which is following the XRD �ngerprint reported in several reports[50, 51]. Activated
carbon showed a high amorphous structure as represented[52] in Fig. 3. The prepared biocomposites
showed the characteristic �ngerprint patterns of chitosan at 10o, and 20o, but the crystallinity in terms of
the intensities of the characteristic peaks was decreased gradually by increasing the amount of activated
carbon in the biocomposites. That can be attributed to the amorphous structure of activated carbon,
which affects the crystallinity of the chitosan crystalline structure[53]. Generally, the performances of
adsorption by different sorbents depend on adsorptive active sites accessibility. The highly crystalline
adsorbents have low adsorption e�ciencies due to the low accessibility of their adsorptive active
sites[54]. Herein, the crystallinity of the prepared biocomposites is decreased and consequently, it will be
expected the adsorption e�ciencies will increase. That is due to the high accessibility of the different
adsorptive sites of chitosan and activated carbon.

3.2 Optimization of adsorption parameters
Figure 4 represents the adsorption e�ciencies of Cr3+ metal ions from the aqueous medium onto
different amounts of CMCN-PG-AC4, CMCN-PG-AC, and CMCN-PG4-AC biocomposites. As a general
observation, the removal e�ciency of Cr3+ from the aqueous solution is gradually increased by the
gradual increase in the number of used adsorbents. That increase in the adsorptive performance can be
ascribed to the increase in the effective adsorptive sites on the adsorbents by increasing their amounts in
the medium. The maximum adsorption e�ciency can be obtained in the presence of 0.6 g/L of the three
adsorbents as reported in several reports[55, 56].

Figure 5 showed the in�uence of the immersion time during 6 hours on the adsorption of Cr3+ ions from
the aqueous medium on CMCN-PG-AC4, CMCN-PG-AC, and CMCN-PG4-AC biocomposites (0.6 g/L). As
obtained from the analysis results, the adsorption e�ciency pro�le was rapidly increased at the initial
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time of the process (1–2 h), and then the increment was decreased steadily after longer periods. The
rapid increase in the adsorption e�ciency can be ascribed for the different Cr3+ ions concentration
gradient between the bulk and the aqueous solution and the high concentration of unoccupied adsorptive
centers on the biocomposites surfaces. The steady decrease in the adsorption e�ciencies of the
biosorbents after longer periods can be ascribed to the partial occupation of the adsorptive sites and the
decrease in Cr3+ ions concentration gradient between the solution bulk and the metal ions on the
adsorbent's surface. The maximum adsorption e�ciency of the three biocomposite adsorbents was
pointed at 5 h [57].Increasing the contact time increases the hydration of the biocomposites by water
molecules, which increases the surface area of the biocomposites. The increase in the surface area
makes the adsorption sites more available or accessible for interaction by Cr3+metal ions. Comparison
between the reported equilibrium times of modi�ed chitosan [58], and the studied biocomposites showed
that the prepared biocomposites have fewer equilibrium times. That can be attributed to the presence of
propylene glycol units within the biocomposites framework, which eases their hydration throughout
hydrogen bonding formation by the aqueous medium.

The effect of the initial concentration of Cr3+metal ions on adsorption e�ciencies of CMCN-PG-AC4,
CMCN-PG-AC, and CMCN-PG4-AC biocomposites was explored at the initial concentration of Cr3+metal
ions from 50–250 ppm. Adsorbent dosage, pH, temperature, and contact time were secured as 7, 25 ◦C,
0.6 g for 5 h, Fig. 6. The gradual increase in the concentration of Cr3+ metal ions in the medium has a
gradual decreasing effect on the adsorption e�ciencies, which can be attributed to the ratio between the
adsorptive sites and the free metal ions in the medium. At lower Cr3+ ions concentration, the adsorption is
occurred effectively (> 99%) due to the absence of competition between the free and bounded Cr3+ ions
(in the medium, or on the adsorbents). While, at high Cr3+ ions concentration in the medium, the complete
removal is decreased (less than 99%) due to the presence of competition between the adsorbed and free
metal ions [59], and also due to the decrease in the unbounded adsorptive sites on the surface of the
biocomposite adsorbents. The increase in Cr3+ ion concentration than 250 ppm exhibited low adsorption
e�ciency for the different adsorbents, hence the optimal initial metal ion concentration was determined
at 100 ppm.

The in�uence of pH of the medium on Cr3+ ions adsorption using CMCN-PG-AC4, CMCN-PG-AC, and
CMCN-PG4-AC biocomposites at the range of 4–10 were represented in Fig. 7, in terms of adsorption
e�ciency. Figure 7 represented three concluding points at the studied pH range 4–10. In an acidic
medium (pH = 4–5), the adsorption e�ciencies of CMCN-PG-AC4, CMCN-PG-AC, and CMCN-PG4-AC
biocomposites were low, which can be ascribed for the protonation of the adsorption active sites. The
protonation process occurred for CMCN-PG-AC4, CMCN-PG-AC, and CMCN-PG4-AC biocomposites by H+

ions in an acidic medium decrease the available deprotonated sites which can adsorb Cr3+ from the
medium. In neutral medium at pH = 6–7, the adsorption e�ciency of Cr3+ using CMCN-PG-AC4, CMCN-
PG-AC, and CMCN-PG4-AC biocomposites was increased considerably to reach its maximum value at pH 
= 6(Fig. 7). In an alkaline medium (pH = 8–10), a considerable decrease in the adsorption e�ciencies of
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the three biocomposite adsorbents upon increasing the alkalinity to 10. That behavior can be attributed to
the charge of Cr3+ionsin the medium, which mainly depends on the pH of the medium as represented,
Eq. 7–11 [60]:

Cr ↔Cr 3+ (7)

Cr 3+ + H2O ↔Cr(OH)2+ + H+ (8)

Cr(OH) 2+ + H2O ↔ Cr(OH)2
1+ + H+ (9)

Cr(OH) 2 
1+ + H2O ↔ Cr(OH)3(aq.) + H+ (10)

Cr(OH) 3 (aq.) + H 2 O ↔ Cr(OH) 4 
1− + H+ (11)

As represented from the above equations (Eqs. 7–11), the ionic form of Cr3+ ions is changed gradually by
increasing the pH of the medium. Increasing the pH converted the Crions into the bi-positively charged
hydroxyl ions (Cr(OH)2+), further increase in the pH changed the formed ions in Eq. 8 into chromium
mono-cation (Cr(OH)2

1+). At higher alkalinity, the chromium ions will precipitate as insoluble chromium
hydroxide, which changed into negatively charged tetrahydroxy chromium complex with a negative
charge (Cr(OH)4

−). The adsorption active sites presented on the prepared CMCN-PG-AC4, CMCN-PG-AC,
and CMCN-PG4-AC biocomposites are the hydroxyl and amino groups which have partially negative
charges due to the presence of the lone pairs of electrons on oxygen and nitrogen atoms of –OH, and –
NH2 groups. Consequently, decreasing the positive charges on the metal ions will decrease their
adsorption on the negatively charged adsorptive sites. As presented from Eqs. 7–11, the positive charges
on Cr3+ ions are gradually decreased by the gradual increase in the pH. At high pH = 9, the high decrease
in adsorption e�ciencies of CMCN-PG-AC4, CMCN-PG-AC, and CMCN-PG4-AC biocomposites can be
accounted for by the formation of the negatively charged species (Cr(OH)4

−) in the medium.

As represented from Figs. 4–7, the adsorption e�ciencies of the prepared adsorbents are dependent on
the ratio of the activated carbon to the carboxymethyl chitosan polypropylene glycol presented in the
nanocomposites. The gradual increase in the ratio of the activated carbon to modi�ed chitosan from 1:4
to 4:1 is gradually increasing the obtained adsorption e�ciencies. That can be ascribed for the diverse
functional groups presented in the activated carbon, which acted as adsorption sites for Cr3+ ions from
the medium. Increasing the activated carbon ratio up to 4:1 obtained the maximum adsorption e�ciency
among the three prepared adsorbents. From the adsorption study results, the removal of Cr3+ ions was
optimally obtained from their aqueous medium using 0.6 g/L of CMCN-PG-AC4 after 6 hours at pH of 6–
7, in the presence of 100 ppm of Cr3+ to obtain the maximum adsorption e�ciency at 98.1%.

3.3 Adsorption isotherms of the adsorption process
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Plotting the Langmuir adsorption isotherm equation variables, i.e., Ce vs. Ce/qe, and extracting the

correlation coe�cient of the data according to the equation of state showed that R2 values were 0.7886,
0.9361, and 0.9488 (Fig. 8). These values were lower than the unity, which displays the disagreement of
the data of the adsorption process by the Langmuir adsorption isotherm[61]. Consequently, the data of
the adsorption process required another isotherm model which can hold the process variables, which is
the Freundlich adsorption isotherm[62]. This model in contrast to the Langmuir adsorption isotherm
considers the interaction between the adsorbed species on the adsorbent surface. The model suggests a
pro�le between log Ce and log qe, Fig. 9. The model includes two parameters, KF, and n, which signify the
number of ions at equilibrium attached to the adsorbents, while n indicates the strength of adsorption
onto the adsorbents surface, Table 1.

Table 1
Freundlich isotherm parameters of Cr3+ adsorption on CMCN-PG-AC4, CMCN-

PG-AC, and CMCN-PG4-AC biocomposites
Biocomposite Equation KF n 1/n R2

CMCN-PG4-AC y = 1.9536x + 0.509 1.66 0.51 1.960 0.9994

CMCN-PG-AC y = 1.2139x + 1.2179 3.38 0.82 1.219 0.9995

CMCN-PG-AC4 y = 0.9289x + 1.5509 4.72 1.08 0.926 0.9999

The equation of state of Freundlich adsorption isotherm, KF as a constant, is represented in Eq. 3. The

valuen indicated inTable 1 �gures the strength of Cr3+ ions adsorption onto the three biocomposites are
increased by increasing the concentration of the activated carbon in the biocomposite. That proves the
positive impact of activated carbon on the adsorption tendencies of the carboxymethyl chitosan
polypropylene glycol biopolymer. This was con�rmed by the increase in the KF values, which indicate the
number of ions at equilibrium attached to the adsorbents, and reached the maximum for CMCN-PG-AC4
biocomposite. CMCN-PG4-AC biocomposite has the lowest activated carbon (4CMCN-PG:1AC molar
ratio) showed the lowest ability to adsorb metal ions as the corresponding n value was the lowest (n = 
0.51) and lowest adsorption capacity as indicated by KF value (1.66). While, CMCN-PG-AC4 biocomposite

(1CMCN-PG:4AC molar ratio) exhibited the strongest adsorption to Cr3+ metal ions on its surface
regarding n = 1.08, and the highest adsorption capacity regarding KF value = 4.72.As concluded from the

data in Table 1, it can be informed that the adsorption of Cr3+ metal ions onto CMCN-PG-AC4, CMCN-PG-
AC, and CMCN-PG4-AC biocomposites obeys Freundlich adsorption isotherm. That leads to describe the
adsorption of Cr3+ metal ions are occurs with interaction (repulsive) between the adsorbed metal ions on
the biocomposites surface. The numeral amounts of 1/n lower than 1 re�ect high adsorption intensity
and surface heterogeneity[63, 64]. The constant value of n in Cr3+ ion adsorption by CMCN-PG4-AC,
CMCN-PG-AC, and CMCN-PG-AC4 biocomposites was decreased by increasing the abundance of
activated carbon in the formed biocomposite.This can be ascribed to the gradual increase in the
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heterogeneity, and consequently suggests the raising of the adsorption capacity of the adsorbents in the
following order: CMCN-PG4-AC < CMCN-PG-AC < CMCN-PG-AC4.

3.4 Kinetic evaluation
The kinetic evaluation was achieved using 100 ppm of Cr3+ metal ions at pH 6, in the presence of 0.2 g of
CMCN-PG-AC4, CMCN-PG-AC, and CMCN-PG4-AC biocomposites, at ambient temperature. The residual
concentrations of Cr3+ ions in the medium after the adsorption process for different interval times (120,
180, 240, 300, and 360 minutes) were determined in ppm. Concentrations were �tted using different
kinetic models including pseudo-�rst-, second-order, and intra-particle diffusion kinetic models.

Pseudo-�rst orders kinetic model

the equation of state of the pseudo-�rst-order kinetic model comprises several factors, e.g., qe, qt, and k1

which indicated the concentration of Cr3+ at equilibrium, and after the time (t), and pseudo-�rst-order rate
constant, in mg/g, mg/g, and (1/min) units, respectively.

Figure 10 represented the graphical presentation of the adsorption data according to the pseudo-�rst-
order kinetic equation of state (Eq. 4).The adsorption data did not comply with the pseudo-�rst-order
model due to the intersection of the pro�le line with the x-axis and deeper with more negative values.
Analyzing the pro�le during the �rst stage of adsorption revealed that this model is applicable at the short
time adsorption process. This was referred to as the highly unoccupied concentration of the adsorptive
active sites at the biocomposites surfaces during the �rst stage of the adsorption process[65].

Pseudo-second order kinetic model

this model commonly can �t adsorption data of metal ions in the solutions, using its equation of state
(Eq. 5), and the variables of the pseudo-�rst-order model, in addition to additional parameters describing
the rate-determining step of the second-order process (k2, g.mg− 1/min), and graphically illustrated in
Fig. 11, as follows[66]

Evidently, in Table 2, R2 varied within 0.9998 to 1 (≈ 1) illustrating the appropriateness of the model for
explaining the kinetics of the process. Further, calculating qe gave comparable values to the experimental
values[67], (Table 2).
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Table 2
Kinetic data of Pseudo-second order model (* rate constant)

Biocomposites R2 qe (mg/g) Intercept k2
*

Theoretical Experimental

CMCN-PG4-AC 0.9998 78.13 74.55 0.2952 5.6x10− 4

CMCN-PG-AC 0.9999 78.13 74.34 0.2519 6.5x10− 4

CMCN-PG-AC4 1 78.74 73.95 0.2028 7.9x10− 4

As reported for the Pseudo-second order kinetic model [68, 69] the validity of this model is covering the
entire time range of the process, additionally, the adsorption of Cr3+ ions occurred via electrostatic
interaction between the positively charged metal ions and the electron lone-pairs located in the functional
groups of the adsorbents (adsorptive sites).

Intraparticle diffusion model: this model supposes that the adsorption on the porous adsorbents is
achieved throughout several stages, which can be summarized in the following: migration of high
strength region (solution bulk) to lower concentration gradient (adsorbents/medium interface), adsorbed
species �lm formation, and �nally the diffusion of adsorbed species into the different adsorbent pores to
interact with the adsorptive sites. Additionally, the rate-determining step was suggested to be the
intraparticle diffusion step, and kint, the rate constant can be determined according to Eq. 6(kint= constant

related to intraparticle diffusion stage, mg/g min1/2)[70]:

Figure 12 represented the relationship between the square root of adsorption process time and the
adsorbed amount of Cr3+ ions at the time (t), which illustrates the intraparticle diffusion model equation.
The pro�le shows three characteristic regions that corresponded to the adsorption stages of Cr3+ ions on
CMCN-PG-AC4, CMCN-PG-AC, and CMCN-PG4-AC biocomposites. Several parameters were extracted for
the two major regions of the pro�le (the �rst and the third regions) including correlation coe�cients (R2),
rate constant of rate-determining step (Kint), and adsorption capacity at equilibrium (qe), Table 3.

Table 3
Extracted parameters from intraparticle diffusion kinetic model

Region Migration from high to

low concentration gradient

Diffusion region

Biocomposites R2 Kint qe R2 Kint qe

CMCN-PG4-AC 0.9999 0.9912 55.88 1 03176 67.90

CMCN-PG-AC 0.9962 0.9450 57.52 1 03176 68.30

CMCN-PG-AC4 0.9943 0.8790 59.45 1 02268 70.25
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Analyzing the data in Table 3 represents the following: In the �rst region, R2 alternatedbetween 0.9999 to
0.9943, and the equilibrium adsorption capacity is ranged between 55.88 and 59.45 mg/g. The obtained
values of the �rst region were out of the experimental values, which cannot be considered the rate-
determining step. The diffusion region showed a correlation coe�cient equal to unity (R2 = 1), and the
equilibrium adsorption capacity (qe) were ranged between 67.9 mg/g and 70.25 mg/g. These values are
following the experimental values, indicating that the diffusion step is the rate-determining step. The
obtained values of the equilibrium adsorption capacity can be ordered in the following sequence: 70.25
mg/g, 68.30 mg/g, and 67.90 mg/g, for CMCN-PG-AC4, CMCN-PG-AC, and CMCN-PG4-AC biocomposite.
The upsurge values of qe by rising the activated carbon ratio in the different biocomposites con�rms the
occurrence of a synergistic performance between the modi�ed chitosan and the activated carbon during
the adsorption process of Cr3+ ions from the medium.

3.5 Mechanism of CMCN-PG-AC4 biocomposites
The adsorption mechanism is de�ned by several elements such as functional groups, electric charge, and
the structures of the adsorbent and adsorbate. The functional groups of the adsorbent and the
structuring of the adsorbate are two of the most critical factors that in�uence adsorption mechanism. In
the CMCN-PG-AC4 biocomposites, the presence of -NH2 and -OH groups in chitosan creates active
locations for hydrogen bonds with Cr3 + ions. As previously discussion (effect of pH part), Cr(III) ions can
exist in a variety of forms depending on the pH. Investigation the highly uptake of Cr(III) ions was
obtained at pH = 6. In order to have a better knowledge of the adsorption mechanism, the FT-IR analysis
of the CMCN-PG-AC4 biocomposites before and after adsorption process of Cr(III). As shown in Fig. 13,
after Cr(III) adsorption, two additional peaks at 782 and 950 cm-1 were observed, which can be attributed
to the Cr-O asymmetric and stretching vibrations, respectively. The vanishing of Cr–O and Cr—O—Cr
vibration peaks in the spectrum of CMCN-PG-AC4 biocomposites after Cr desorption process, suggest
that the adsorption mechanism involving the electrostatic attraction between adsorbent and Cr(VI)
anionic species (Zhang, Xia, et al., 2015; Zhao et al., 2010).

3.6 Regeneration and reusability of adsorbents
According to previous studies, the regeneration and reusability of adsorbentare the perfect indicators for
the evaluation of their performance for practical industrial applications, Recycling studies were
conducted under ideal adsorption conditions, and the solvents for Cr (III) desorption were NaOH (0.1 M)
solutions. As shown in Fig. 14 after �ve cycles, the adsorption e�cient of CMCN-PG-AC4, CMCN-PG-AC,
and CMCN-PG4-AC biocomposites remained at about 83%, 81%, and 80% respectively for Cr (III) metal
ions, The slight decrease in adsorption capacity may be due to the formation of stable complexs, metal
hydroxides between CMCN-PG-AC4, CMCN-PG-AC, and CMCN-PG4-AC biocomposites and heavy metal
ions. However, the adsorbent still showed great reusability, which is bene�cial to its practical application
in the �eld of heavy metal wastewater treatment.

3.7 Antimicrobial activity
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The antimicrobial activities of CMCN-PG-AC4, CMCN-PG-AC, and CMCN-PG4-AC biocomposites were
tested against Gram–ve bacteria (E. coli, K. pneumonia), Gram + ve bacteria (S. aureus, S. mutans), and
Fungi (C. Albicans, A. Nigar), Table 4.It was reported that chitosan biopolymer has acceptable
antimicrobial activities against several types of microorganisms [71]. The e�cacy of chitosan was found
to increase by increasing the degree of deacetylation [72]. The reports pointed out that the origin of its
antimicrobial activity comes from the presence of the amino groups along with chitosan segments[73].

Table 4
Antimicrobial e�cacies of CMCN-PG-AC4, CMCN-PG-AC, and CMCN-PG4-AC biocomposites

Sample Microorganism

Gram –ve bacteria Gram + ve bacteria Fungi

E. coli K. pneumonia S. aureus S. mutans C. albicans A. Nigar

CMCN-PG4-AC 16 ± 0.5 14 ± 0.5 22.3 ± 0.5 30 ± 0.5 12.3 ± 0.5 NA

CMCN-PG-AC 12 ± 0.5 11 ± 0.5 20 ± 0.5 29 ± 0.5 11.6 ± 0.5 NA

CMCN-PG-AC4 9 ± 0.5 6 ± 0.5 16 ± 0.5 26 ± 0.5 10.3 ± 0.5 NA

Gentamicin 27 ± 0.6 25 ± 0.5 NA NA NA NA

Ampicillin NA NA 22 ± 0.5 30 ± 0.5 NA NA

Nystatin NA NA NA NA 21 ± 0.5 20 ± 0.5

Various descriptions were proposed of the antimicrobial function of chitosan biopolymer. Most of them
suggested an interaction between the cellular membrane of bacteria and the chitosan, which leads to an
upsurge in cellular permeability[74]. This consequently resulted in leakage of cellular components outside
or inside the cells. This leakage causes growth disturbances as a result of reducing oxygen consumption
required for the biosynthesis of essential components inside cells such as carbohydrates, protein, lipids,
nucleotides, and genes[75]. Finally, the synthesis of RNA and DNA will be decayed and,directly decrease
the bacterial cells[76].Assessment of CMCN-PG-AC4, CMCN-PG-AC, and CMCN-PG4-AC biocomposites
during the antimicrobial tests showed the presence of a regular trend in the e�ciency variation, which
was depending on the ratio of active carbon in each biocomposite. It was found that the gradual increase
in the ratio of active carbon in the biocomposites decreases gradually the antimicrobial activities, Table 4.
That was attributed to the variation of the chitosan ratio in each biocomposite, which has enhanced
antimicrobial e�ciency by increasing its concentration. This was following several published reports.

Conclusions
Chitosan was carboxymethylated and grafted by propylene oxide to obtain grafted carboxymethyl
chitosan, then its biocomposites by activated carbon at different ratios of the latter were formed to
achieve e�cient adsorbents for Cr3+ ions. The composition and texture of the prepared biocomposites
were determined and the porosity was increased by increasing the activated carbon ratio. The adsorption
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experiments of Cr3+ from aqueous solutions revealed the effective role of activated carbon in the
adsorption process. The adsorption of Cr3+ was increased by increasing the time, Cr3+ initial
concentration, adsorbents amounts, and the ratio of activated carbon. The adsorption process obeyed
Freundlich adsorption isotherm according to the Pseudo-second order kinetic model. The adsorption was
preceded through three steps and the rate-controlling process was the diffusion of Cr3+ ions into the
adsorbents. The optimal adsorption e�ciency was found at 98.1% using 0.6 g of adsorbents after 6
hours in the presence of 100 ppm of Cr3+ ions concentration in pH 6–7.
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Scheme 1 is available in Supplementary Files section.
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Figure 1

See image above for �gure legend
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Figure 2

See image above for �gure legend

Figure 3

Legend not provided with this version
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Figure 4

Effect of CMCN-PG-AC4, CMCN-PG-AC, and CMCN-PG4-AC biocomposites amounts on the adsorption
e�ciency of Cr3+ metal ions.
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Figure 5

Effect of immersion time of CMCN-PG-AC4, CMCN-PG-AC, and CMCN-PG4-AC biocomposites on the
adsorption e�ciency of Cr3+ metal ions.
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Figure 6

Effect of initial Cr3+ metal ion concentration on the adsorption e�ciency of CMCN-PG-AC4, CMCN-PG-AC,
and CMCN-PG4-AC biocomposites.
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Figure 7

Effect of pH of the medium on the adsorption of Cr3+ metal ion using CMCN-PG-AC4, CMCN-PG-AC, and
CMCN-PG4-AC biocomposites.

Figure 8

Langmuir adsorption isotherm presentation of the adsorption process of Cr3+ onto CMCN-PG-AC4, CMCN-
PG-AC, and CMCN-PG4-AC biocomposites.
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Figure 9

Freundlich adsorption isotherm presentation of the adsorption process of Cr3+ onto CMCN-PG-AC4,
CMCN-PG-AC, and CMCN-PG4-AC biocomposites.
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Figure 10

Fitting data of Cr3+ adsorption on CMCN-PG-AC4, CMCN-PG-AC, and CMCN-PG4-AC biocomposites
according to Pseudo-�rst order kinetic model.
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Figure 11

Presentation of adsorption data using pseudo-second-order kinetic model.
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Figure 12

Interpretation of experimental adsorption data using intraparticle diffusion model. 
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Figure 13

FTIR spectrum of CMCN-PG-AC4 biocomposite before and after adsorption process of Cr(III) ions .
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Figure 14

Reusability studies of CMCN-PG-AC4, CMCN-PG-AC, and CMCN-PG4-AC biocomposites in the adsorption
process of Cr3+ metal ion.
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