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A B S T R A C T

Molecular scale information is needed to understand ions coordination to mineral surfaces and 
consequently to accelerate the design of improved adsorbents. The present work reports on the 
use of two-dimensional correlation Fourier Transform infra-red spectroscopy (2D-COS-FTIR) and 
hetero 2D-COS-FTIR- X-ray diffraction (XRD) to probe the mechanism of Cr(VI) removal from 
aqueous solutions by activated carbon (AC) and its composite with P2W17O61 (AC-composite). 
The adsorption data at an initial Cr(VI) concentration of 320 mg L− 1 (320 ppm) revealed 
maximum adsorption capacities of 65 mg g− 1 for AC and 73 mg g− 1 for AC-composite, corre
sponding to removal percentages of 83 % and 94 %, respectively. The adsorption mechanism of Cr 
(VI) onto AC involved electrostatic attraction of charged ions, reduction of Cr(VI), orientation of 
O-H groups, complex formation and ion exchange reaction. On the other hand, ion exchange 
reactions were not observed in the case of AC-composite, but increasing reduction and complex 
formation due to the presence of W were more pronounced. Moreover, a monosubstituted com
pound; i.e. K6P2CrW17 O61⋅nH2O, having chromium in its maximum oxidation state (Cr(VI)) was 
formed. These resulted in an improved adsorption capacity of AC-composite towards Cr(VI) in 
comparison to AC, and could explain the differences in adsorption thermodynamics and capacity 
of the two studied adsorbents. High value information could be extracted from both FTIR spec
troscopy and XRD patterns when combined with available 2D-COS routines and subsequently 
powerful tools to investigate the mechanisms of adsorption are obtained.

1. Introduction

Chromium is deposited into the water system in both hexavalent and trivalent states via industrial activities such as electroplating, 
paints and leather tanning [1]. The hexavalent state of chromium is considered more toxic than the trivalent state which can be easily 
precipitated out. Therefore, removal of the hexavalent state from industrial effluents is of prime importance. Chromium has been 
reported to cause reproductive, hepatic and cardiovascular effects, that lead to spontaneous abortions, derangement of liver cells and 
necrosis and death, respectively [2,3]. The most common species of chromium found in water are Cr2O2−

7 , CrO2−
4 and H2CrO4, and their 

relative distribution depend predominantly on the pH values and redox potential [4]. Many methods have been developed for the 
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decontamination of hexavalent chromium. Some of these methods based on converting hexavalent chromium into a less toxic trivalent 
state that forms insoluble compounds and consequently separated from water through precipitation methods [5,6]. Other methods 
include ion exchange, chemical precipitation, physical filtration process using nano- and micro-filtration, as well as adsorption [7,8]. 
Owing to its high efficiency, low cost, high regeneration capacity and easy operation, adsorption is considered as one of the most 
promising technologies of hexavalent chromium elimination from aqueous media even at low concentrations [9,10]. Adsorption 
capacity reached 442.08 and 302.43 mg g− 1 utilizing Uio-66-AMP@PAN composites and Cerium-loaded carbon adsorbents respec
tively [10,11]. Further adsorption studies utilizing different graphene based aerogel composites showed adsorption capacities in the 
range from 128 to 520 mg g− 1 for chromium (VI) [12,13]. Despite its advantages, a deeper understanding of the adsorption mechanism 
and materials structure remains essential for improving adsorption performance. Advanced characterization techniques such as X-ray 
powder diffraction (XRD), high resolution transmission electron microscopy (HRTEM) and extended X-ray absorption fine structure 
(EXAFS) are the most useful techniques to elucidate these mechanisms. Many of these advanced techniques are not available in all 
laboratories, and their operation and data analysis are not straightforward and relatively costly. Therefore, researchers moved to 
develop more familiar, easy to operate and informative techniques such as Fourier Transform Infrared (FTIR) spectroscopy. FTIR 
spectroscopy is not only sensitive to functional groups and their interactions but also sensitive to morphology of the studied systems 
and amorphous regions as well as those with short-range and/or long-range order are readily detected by FTIR [14]. In some cases, 
FTIR reveals more complexes than the EXAFS [15]. To get the most information from FTIR spectra, two dimensional correlation 
spectroscopy (2D-COS) and its valuable routes have been introduced by Noda [16], and progressively developed to analyze data 
obtained from wide range of analytical spectroscopies [17–20]. The advantages of using 2D-COS included, but not limited to, 

Fig. 1. Experiments design and 2D-COS analysis. (Hybrid 2D-COS is a method enables FTIR or XRD data of samples measured at two different 
experimental conditions to be correlated, while Hetero 2D-COS-FTIR-XRD is a method linking FTIR and XRD data of samples measured at identical 
experimental conditions.)
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simplification of the complex spectra, improving spectral resolution, and the determination of specific sequential order of spectral 
intensity changes [21–23]. Furthermore, other 2D-COS techniques such as hybrid and hetero 2D-COS could be useful in determining 
whether a band intensity is decreased or increased, as well as to confirm the assignment of some ambiguous bands. Therefore, 
2D-COS-FTIR spectroscopic analysis has shown exceptional potential in resolving spectral complexity and extracting molecular scale 
insights [24,25].

The present work aimed to probe the mechanism of chromium (VI) uptake by activated carbon (AC) and its composite with 
P2W17O61. While AC is a widely used adsorbent, the study uniquely reveals how the introduction of P2W17O61 enhances adsorption 
capacity and alters the adsorption mechanism. Adsorption experiments were monitored using FTIR spectroscopy and XRD as function 
of the initial Cr(VI) concentration in aqueous solutions. The collected data were further analyzed using 2D-COS spectroscopy to focus 
on the adsorption sites, adsorbate-adsorbent interactions, and structural alterations, which contribute to the improved adsorption 
performance observed with the composite. This integrated approach provides new insights into Cr(VI) adsorption mechanisms and 
highlights the potential of composite materials in designing next-generation, selective adsorbents for efficient heavy metal removal.

2. Experimental

2.1. Materials, adsorbents preparation and Cr(VI) adsorption

Fig. 1 summarizes the experiments carried out to prepare both adsorbents.
Briefly, the cherry kernel shells were impregnating in a 19.8 % H2SO4 solution, followed by drying at 120 ◦C and activation at 

800 ◦C to produce active carbon (AC) [26]. The later was mixed with K10P2W17O61.10H2O solution and the composite (AC-composite) 
was obtained by complete evaporation of the solvent [27,28]. Adsorption experiments were carried out by shaken the solutions 
containing potassium chromate K2CrO4 at different concentration ranging from 0 to 320 mg L− 1 at pH value of 4, and 0.1 g of ad
sorbents for 60 min. The maximum Cr(VI) uptake capacity (qmax, mg g− 1) and removal efficiency (R, %) were calculated using 
equations (1) and (2) [29,30]: 

qmax =(C0 − Ce) ×
V
m

(1) 

R=
C0 − Ce

C0
× 100% (2) 

where Co and Ce are the initial and final Cr(VI) concentration (mg L− 1), V is the sample volume (L) and m is the weight of adsorbent (g).

2.2. Characterization

Fourier Transform Infrared (FTIR) spectroscopy (Thermo Scientific Nicolet 6700 FT-IR Spectrometer, Madison, USA) operated with 
a DTGS detector was utilized to probe any structural alterations to both adsorbents after adsorption of Cr(VI). All spectra were 
collected using the KBr method from 400 to 4000 cm− 1 at a resolution of 2 cm− 1 and 200 scans. A separate background spectrum was 
subtracted after each run to correct for KBr moisture and light scattering. Powder X-ray diffraction (XRD)(STADI-P STOE, Darmstadt, 

Germany) equipped with CuKα radiation (λ = 1.54060 A
o
) and a germanium monochromator was utilized to explore crystallinity and 

morphology of adsorbents as well as the effects of adsorbed Cr(VI) on their structures. The instrument was operated at 50 kV and 30 
mA, and XRD patterns were recorded from 2θ = 10◦ to 2θ = 70o with a scanning step of 0.5◦. Concentrations of adsorbed Cr(VI) were 
determined by X-ray fluorescence (XRF) (Oxford X-MET 5100 handheld elemental analyzer, Oxford, UK) following the procedure 
developed elsewhere [26].

2.3. 2D-COS analysis

Data pre-treatments were carried out prior to 2D-COS analysis to reduce noise (smoothing: Savitzky–Golay, second order poly
nomial, 15 points) and to remove non selective signals (baseline correction, and normalization based on an internal reference). In 
addition, the spectral intensity of each sample was corrected by subtraction of a reference spectrum taken as the spectrum corre
sponding to maximum Cr(VI) adsorption, and the data at zero adsorption was excluded to enhance 2D-COS signals and avoid error in 
their signs [31–33]. The resultant datasets were analyzed by the algorithm developed by Noda [16], utilizing the 2DShige version 1.3 
software (Shigeaki Morita, Kwansei-Gakuin University, 2004–2005). Different routines of 2D-COS spectroscopy were applied as 
outlined in Fig. 1 to obtain molecular scale information related to adsorption mechanism. The 2D-COS spectra (synchronous and 
asynchronous) consist of positive (shown in white/red areas) and negative (shown in gray/blue areas) cross-peaks, and they are 
interpreted according to Noda’s rule [16].
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3. Results and discussion

3.1. Adsorption of Cr(VI)

Fig. 2 shows the adsorption results of Cr(VI), expressed as adsorption capacity (q) in Fig. 2(a) and removal percentage in Fig. 2(b) as 
a function of the initial concentration of Cr(VI) in aqueous solutions. The adsorption results at an initial concentration of Cr(VI) = 320 
mg L− 1 (320 ppm) showed adsorption capacities of 65 and 73 mg g− 1 for active carbon and its composite with P2W17O61, respectively. 
The larger surface area and the availability of more adsorption sites in the composite resulted in about a 10 % improvement in the 
removal percentage of Cr(VI). In comparison, The highest adsorption capacity of three types of magnetic composites, including 
activated carbon, ash, and sand, was reported at 50 mg g− 1 at an initial Cr(VI) concentration of 2000 ppm [34]. This suggested that 
both active carbon and its composite with P2W17O61 produced in the present work served as excellent candidates for the removal of Cr 
(VI).

To gain further information about the mechanism by which Cr(VI) was adsorbed onto both active carbon and its composite with 
P2W17O61, FT-IR spectra were analyzed before and after adsorption of Cr(VI).

3.2. The FTIR of AC and AC-composite: as prepared

Fig. 3 compares the FTIR spectra of AC and AC-composite. The wide and broad bands at 3440 cm− 1 were attributed to the O-H 
stretching mode of hydrogen-bonded hydroxyl groups attached to the structure or surface-adsorbed moisture [35]. The appearance of 
other bands at lower/higher wavenumbers endorsed the presence of strong hydrogen bonding/free O-H functional groups [36]. The 
bands in this region have been also assigned to the stretching vibrations of lattice and coordinated water molecules [37]. In addition, 
two consecutive small bands at around 2920 and 2850 cm− 1 were ascribed to the presence of asymmetric and symmetric C-H 
stretching vibrations of the hydrocarbon structure, respectively [36].

The FTIR band that appeared at 1620 cm− 1 was attributed to C=O stretching vibrations of the conjugated hydrocarbon. This signal 
gained strength in the AC-composite and centered around 1645 cm− 1 due to the combined effect of the carbonyl functional group C=O 
and C=C stretching vibrations of the aromatic rings [38].

Stretching vibrations in aromatic rings produced the absorption bands at 1585 and 1445 cm− 1, while the bending of the C-H groups 
was located at 1395 cm− 1. A further band due to bending of C-H vibrations should appear at 1465 cm− 1, but it was overlapped with 
other aromatic absorption bands [36,38]. The band at 1585 cm− 1 was shifted to 1565 cm− 1 in the AC-composite. The band at 1250 
cm− 1 in both spectra was attributed to ether bridges between rings [38].

Moreover, the two bands at 1150 and 1110 cm− 1 in the spectrum of AC were merged in one band at 1118 cm− 1 in the spectrum of 
AC-composite, and were assigned to C-O and O-H stretching/bending vibrations. The bands at 1118 and 1150 cm− 1 have also been 
assigned to stretching of O-P-O and P=O respectively [39]. These broad high intensity bands overlapped with other C-O vibration in 
the region from 1000 to 1100 cm− 1 and only the band at around 1000 cm− 1 could be observed in the spectrum of AC. The stretching 
vibration absorption of P-O, W=O and W-O-W at about 1082, 982, 889, and 805 cm− 1, respectively [40] were also overlapped with 
other bands and could not be clearly observed.

3.3. The FTIR of AC and AC-composite: after adsorption

Fig. 4 (a) and (b) compares the FTIR spectra of AC and AC-composite after the adsorption of Cr(VI). In the case of AC as depicted in 
Fig. 4(a), adsorption of Cr(VI) reduced the intensities of some bands such those at 3440, 1628, 1454, 1088, 1166, 800, 775, and 514 

Fig. 2. The dependence of adsorption capacity (a) and removal (b) of Cr(VI) on the initial concentration of solution.
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cm− 1. In contrast, the intensities of some other bands were increased including the bands at 1569, 876, 899 and 591 cm− 1. Similar 
intensities variations were observed in the case of AC-composite as shown in Fig. 4(b), such that the intensities of the bands at 1450 and 
1124 cm− 1 were decreased, while the intensities other bands at 3440, 1628, 1578, 1250, 1043, 876, 798, 777, 620, 592 and 513 cm− 1 

were increased.
It was concluded that the presence of P2W17O61 in the AC-composite as well as overlapping resulted from the adsorption of Cr(VI) 

onto both AC and its composite complicated the FTIR spectra. Therefore, the 2D-COS concepts were used to revoke overlaps and 
understand the different interactions occurred on adsorption.

3.4. 2D-COS-FTIR analysis

3.4.1. The region 2500-3800 cm− 1

Fig. 5 shows the 2D-COS-FTIR spectra in the region from 2500 to 3800 cm− 1 of AC and AC-composite with varying amounts of 
adsorbed Cr(VI). This region provides information regarding the water adsorbed as well as the hydroxyl groups and their interactions 
with the adsorbed species. It has been proven to yield evidence about the ion exchange reactions as well as the change in the different 
types of hydroxyls present in the structures of nano manganese oxide and metal organic framework materials [33,41].

In the synchronous spectrum of Fig. 5(a), there were two auto peaks at 3450 and 3300 cm− 1 and two cross-peaks one of which was 
positive that correlated the bands at (3450, 2925) cm− 1 and the other was negative that correlated the bands at (3300, 2775) cm− 1. 
The positive cross peak indicated that both band at 3450 and 2925 cm− 1 changed in the same direction (decreasing in intensity with 
increasing adsorption, see Fig. 5(a)). Moreover, the negative cross peak indicated that both band at 3300 and 2775 cm− 1 changed in 
the opposite direction (one was decreasing and the other was increasing with increasing adsorption). As both bands at 3300 and 2775 
cm− 1 could be assigned to hydroxyl groups with different level of order (strength of hydrogen bonding), thus adsorption was 
accompanied with change in structure order of AC.

Fig. 3. The FTIR spectra of as prepared AC and AC-composite.

Fig. 4. The FTIR spectra after adsorption of Cr(VI); (a) AC and (b) AC-composite.

A.G. Al Lafi and A. Khuder                                                                                                                                                                                         Heliyon 11 (2025) e41862 

5 



In the asynchronous spectrum of Fig. 5(b), there were two positive cross-peaks that correlated the bands at (3450, 3300) and (3450, 
2925) cm− 1, and six negative cross-peaks that correlated the bands at (3650, 3450), (3450, 2980), (3450, 2885), (3450, 2775), (3300, 
2925) and (2925, 2775) cm− 1. According to Noda’s rule [16], the following sequential order of band intensity change was deduced: 

Fig. 5. The 2D-COS-FTIR spectra of AC (a and b) and AC-composite (c and d) after adsorption of Cr(VI); (a), (c) the synchronous and (b), (d) the 
asynchronous.

Fig. 6. The synchronous hybrid 2D-COS-FTIR spectrum in the region from 2500 to 3800 cm− 1 of adsorption of Cr(VI) onto both AC and 
AC-composite.
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3450 → 2920→3300 → 2775 cm− 1. The previous order of bands change indicated that the hydroxyl groups transformed to more or
dered structure after adsorption of Cr(VI).

In the case of AC-composite, the synchronous spectrum of Fig. 5(c) shows one auto peak at 3450 cm− 1 and a positive cross-peak that 
correlated the bands at (3450, 2925) cm− 1. In the asynchronous spectrum of Fig. 5(d), positive cross-peaks that correlated the bands at 
(3560, 3450), (3630, 3450) and (3690, 3450) cm− 1 were observed. In addition, there were negative cross-peaks that correlated the 
bands at (3780, 3450), and the band at 3450 cm− 1 with other bands at 3300, 3230, 3040, 2925, 2850, 2725, 2660, 2630 and 2540 
cm− 1. According to Noda’s rule, the following sequential order of band intensity change was deduced: 2920 → 3450 cm− 1 and 
3250 → 3450 cm− 1. This indicated that the hydroxyl groups changed to less ordered form with increasing adsorption of Cr(VI).

The data in this work was collected under the same conditions using different adsorbents, thus a hybrid correlation synchronous 
spectrum was constructed to reveal similarity/differences between the two systems [42]. This is shown in Fig. 6, in which the x axe 
represent adsorption by AC while the y axe represents adsorption by AC-composite.

Positive cross-peaks at (3650, 3450), (3300, 3450), (3150, 3450) and (3110, 3450) cm− 1 were observed. The presence of positive 
correlation peaks suggested that free and crystalline O-H in AC changed in the same direction with bonded O-H in the AC-composite on 
adsorption. In addition, there were negative cross-peaks that correlated the bands at (3450, 3450), (3450, 2925), (3450, 2850) and 
(2775, 3450) cm− 1. The presence of a negative correlation peak at (3450, 3450) suggested that -OH groups changed in different di
rection in the two studied systems. This implied different adsorption mechanism and different role for the -OH groups in the adsorption 
process. Moreover, the asymmetry of the spectrum in Fig. 6 implied a change in the adsorption mechanism in this region. Furthermore, 
the presence of negative cross peak at (2775, 3450) cm− 1 indicated that the band at 2775 cm− 1 in the AC changed on the opposite 
direction to the band at 3450 cm− 1 in the AC-composite. This showed that the band at 2775 cm− 1 decreased with increasing adsorption 
of Cr(VI). Note that the direction of 2775 cm− 1 change could not be determined by FTIR spectrum or the generalized 2D-COS.

3.4.2. The region 1415-1750 cm− 1

Fig. 7 shows the 2D-COS-FTIR spectra in the region from 1415 to 1750 cm− 1 of AC and AC-composite with varying amounts of Cr 
(VI) adsorbed. In the synchronous spectrum of Fig. 7(a), there were auto peaks at 1645 and 1580 cm− 1. There were also positive cross- 
peaks that correlated the bands at (1645, 1500), (1645, 1460) and (1730, 1645) cm− 1. This indicated that the bands at 1645, 1500, 
1460 and 1740 cm− 1 changed in the same direction (decreasing in intensity) with increasing the amount of adsorbed Cr(VI). On the 
other hand, there were negative cross-peaks that correlated the bands at (1645, 1580), (1580, 1500) and (1580, 1460) cm− 1. In the 

Fig. 7. The 2D-COS-FTIR spectra in the region from 1415 to 1750 cm− 1 of AC (a and b) and AC-composite (c and d) after adsorption of Cr(VI); (a), 
(c) the synchronous and (b), (d) the asynchronous.
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asynchronous spectrum of Fig. 7(b), there were positive cross-peaks that correlated the bands at (1730, 1640), (1580, 1540), (1580, 
1460), (1645, 1508) and (1645, 1460) cm− 1. There was also one negative cross-peaks that correlated the bands at (1645, 1580) cm− 1. 
According to Noda’s rule, the following sequential order of band intensity change was deduced: 1730 → 1645→1460 → 1500→1580 
cm− 1. This indicated that the carbonyl and hydroxyl groups participated in the capturing of Cr(VI) before aromatic rings.

Fig. 7 (c) and (d) shows the 2D-COS-FTIR spectra in the region from 2500 to 3800 of AC-composite with varying amounts of Cr(VI) 
adsorbed. In the synchronous spectrum of Fig. 7(c), there were auto peaks at 1580 and 1485 cm− 1. There were also positive cross-peaks 
that correlated the bands at (1730, 1580) cm− 1. This indicated that the bands at 1730 and 1580 cm− 1 changed in the same direction 
with increasing the amount of adsorbed Cr(VI). On the other hand, there was one negative cross-peak that correlated the bands at 
(1580, 1485) cm− 1. In the asynchronous spectrum of Fig. 7(d), there were positive cross-peaks that correlated the bands at (1730, 
1580) and (1580, 1485) cm− 1. There was also one negative cross-peaks that correlated the bands at (1730, 1485) cm− 1. According to 
Noda’s rule, the following sequential order of band intensity change was deduced: 1730 → 1485→1580 cm− 1. This indicated that the 
carbonyl and hydroxyl groups participated in the capturing of Cr(VI) before aromatic rings.

The most important peaks in the hybrid correlation synchronous spectrum, see Fig. 8, are the positive cross-peaks at (1670, 1580), 
(1580, 1485) and (1500, 1580) cm− 1 as well as the negative cross-peaks at (1580, 1580), (1670, 1485), (1580, 1730) and (1580, 1640) 
cm− 1. The presence of negative correlation peaks at (1580, 1580), (1580, 1640) and (1580, 1730) cm− 1 suggested that aromatic rings 
C=C groups changed in different direction in the two studied systems (increasing in AC and decreasing in AC-composite) and the 
carbonyl groups in the AC-composite decreased in intensity. The presence of positive correlation peaks at (1580, 1485) cm− 1 suggested 
that the band at 1485 cm− 1 increased in intensity while in the second system. This implied that the carbonyl groups behaves in similar 
manner in the two systems, but the aromatic rings of AC had different response to adsorption of Cr(VI).

3.4.3. The region 930-1370 cm− 1

Fig. 9 shows the 2D-COS-FTIR spectra in the region from 930 to 1370 cm− 1 of AC and AC-composite with varying amounts of Cr(VI) 
adsorbed. In the synchronous spectrum of Fig. 9(a), there were auto peaks at 1240, 1160 and 1085 cm− 1. There were also one positive 
cross-peak that correlated the bands at (1160, 1085) cm− 1 and two negative cross-peaks at (1240, 1160) and (1240, 1085) cm− 1. This 
indicated that the bands at 1160 and 1085 cm− 1 changed in the same direction (decreasing) with increasing the amount of adsorbed Cr 
(VI) but in the opposite direction with respect to the band at 1240 cm− 1. In the asynchronous spectrum of Fig. 9(b), there were positive 
cross-peaks that correlated the bands at (1240, 1085), (1103, 1033) and (1240, 1160) cm− 1. There were also negative cross-peaks that 
correlated the bands at (1160, 1103) and (1160, 1085) cm− 1. According to Noda’s rule, the following sequential order of band intensity 
change was deduced: 1085 → 1160→1240 cm− 1. This indicated that the carbonyl and hydroxyl groups participated in the capturing of 
Cr(VI) before aromatic rings.

Fig. 9 (c) and (d) shows the 2D-COS-FTIR spectra in the region from 930 to 1370 cm− 1 of AC-composite with varying amounts of Cr 
(VI) adsorbed. The synchronous spectrum of Fig. 9(c) was dominated by an auto peak at 1180 cm− 1, while one negative cross-peak at 
(1240, 1180) cm− 1 and two other positive cross peaks at (1180, 1074) and (1180, 1050) cm− 1 were observed in the asynchronous 
spectrum of Fig. 9(d). The most important peaks in the synchronous hybrid correlation spectrum in Fig. 10 are the positive cross-peaks 
at (1160, 1224), (1051, 1230) and (1301, 1116) cm− 1 as well as the negative cross-peaks at (1270, 1114), (1270, 1234), (1085, 1160), 
(1085, 1112), (1085, 1056) and (1160, 970) cm− 1. The presence of negative correlation peaks suggested that the bands at 1160, 1112, 
1056 and 970 cm− 1 increased in intensity in the composite after adsorption.

Fig. 8. The synchronous hybrid 2D-COS-FTIR spectrum in the region from 1415 to 1750 cm− 1 of adsorption of Cr(VI) onto both AC and 
AC-composite.
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3.4.4. The region 430-930 cm− 1

Fig. 11 shows the 2D-COS-FTIR spectra in the region from 430 to 930 cm− 1 of AC and AC-composite with varying amounts of Cr(VI) 
adsorbed. In the synchronous spectrum of Fig. 11(a), there were auto peaks at 896, 790, 590 and 470 cm− 1. There were also positive 
cross-peaks that correlated the bands at (896, 590), (790, 505), (790, 470) and (505, 470) cm− 1. In addition, there were negative cross- 

Fig. 9. The 2D-COS-FTIR spectra in the region from 930 to 1370 cm− 1 of AC (a and b) and AC-composite (c and d) after adsorption of Cr(VI); (a), (c) 
the synchronous and (b), (d) the asynchronous.

Fig. 10. The synchronous hybrid 2D-COS-FTIR spectrum in the region from 930 to 1370 cm− 1 of adsorption of Cr(VI) onto both AC and 
AC-composite.
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peaks at (896, 790), (896, 470), (790, 590), (590, 505) and (590, 470) cm− 1. This indicated that the bands at 896 and 590 cm− 1 

changed in the same direction (decreasing) with increasing the amount of adsorbed Cr(VI) but in the opposite direction with respect to 
the bands at 790 and 505 cm− 1. In the asynchronous spectrum of Fig. 11(b), there were positive cross-peaks that correlated the bands 

Fig. 11. The 2D-COS-FTIR spectra in the region from 430 to 930 cm− 1 of AC (a and b) and AC-composite (c and d) after adsorption of Cr(VI); (a), (c) 
the synchronous and (b), (d) the asynchronous.

Fig. 12. The synchronous hybrid 2D-COS-FTIR spectrum in the region from 430 to 930 cm− 1 of adsorption of Cr(VI) onto both AC and 
AC-composite.
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at (896, 790), (896, 615), (850, 600), (790, 505), (896, 470) and (590, 470) cm− 1. There were also negative cross-peaks that correlated 
the bands at (896, 505), (790, 605), (790, 470), (590, 505) and (505, 470) cm− 1. According to Noda’s rule, the following sequential 
order of band intensity change was deduced: 470 → 790→896 → 590→505 cm− 1.

Fig. 11 (c) and (d) shows the 2D-COS-FTIR spectra in the region from 430 to 930 cm− 1 of AC-composite with varying amounts of Cr 
(VI) adsorbed. In the synchronous spectrum of Fig. 11(c), there were auto peaks at 775, 670, 620, 530 and 470 cm− 1. There were also 
positive cross-peaks that correlated the bands at (775, 675), (775, 620), (670, 470) and (790, 470) cm− 1. In addition, there were 
negative cross-peaks at (530, 470), (560, 470), (505, 470), (670, 560), (670, 512), (670, 505), (790, 560) and (790, 505) cm− 1. This 
indicated that the bands at 775, 675, 620 and 470 cm− 1 changed in the same direction (decreasing) with increasing the amount of 
adsorbed Cr(VI) but in the opposite direction with respect to the bands at 560, 530, 512 and 505 cm− 1. In the asynchronous spectrum 
of Fig. 11(d), there were positive cross-peaks that correlated the bands at (790, 710), (670, 511), (630, 511) and (790, 511) cm− 1. 
There were also negative cross-peaks that correlated the bands at (880, 710), (710, 470), (560, 510) and (511, 470) cm− 1. According to 
Noda’s rule, the following sequential order of band intensity change was deduced: 560, 530, 505 → 470→790 → 675 cm− 1.

The most important peaks in the synchronous hybrid correlation spectrum, see Fig. 12, are the positive cross-peaks at (890, 540), 
(890, 505), (790, 775), (790, 670), (790, 620), (790, 460), (590, 520), (590, 540) and (590, 505) cm− 1 as well as the negative ones at 
(890, 790), (890, 670), (890, 620), (890, 460), (790, 530), (590, 775), (590, 670), (590, 620) and (590, 460) cm− 1. The presence of 
negative correlation peaks suggested that the bands at 1160, 1112, 1056 and 970 cm− 1 increased in intensity in the composite after 
adsorption.

4. Discussion

It has been reported that the band at 3450 cm− 1 is attributed to hydrogen bonded –OH groups, while more ordered –OH groups 
(stronger hydrogen bonding) produces other lower wavenumber bands at 3300, 3200 and 3100 cm− 1 [24,33]. The progressive 
development of the later bands indicated ion exchange reaction [33]. It was concluded that adsorption of Cr(VI) onto AC accompanied 
with a reduction of surface -OH intensity and an increase in the intensity of more ordered -OH groups inside the structure of AC. The Cr 
(VI) anions attracted by the positive hydrogen atoms on the surface of AC. The oxygen in the -OH groups was oriented inside the 
structure of AC and stabilized by the formation of complex with Cr(III). The later resulted from reduction of some Cr(VI) by the 

Fig. 13. The 2D-COS-XRD spectra of AC (a and b) and AC-composite (c and d) after adsorption of Cr(VI); (a), (c) the synchronous and (b), (d) the 
asynchronous.
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oxidation of some -CH2 groups and the formation of new C-O groups. The progressive development of the band at 1240 cm− 1, which is 
assigned to O-C-O groups as well as the reduction in both bands at 1160 cm− 1 (-OH) and 1085 cm− 1 (C-O) support this mechanism. This 
mechanism was consistent with the literature when photocatalytic absorbents such those based on graphine aerogel and carbon 
microsphere were used [12,13].

On the other hand, adsorption of Cr(VI) onto AC-composite occurred with the increase in the -OH bonded and reduction of 
crystallized –OH, which indicated that adsorption did not involve ion exchange reaction. This was possibly due to the bonding of -OH 
with W in the AC-composite. The presence of Cr(VI) in the solution resulted in breaking the previous bonds and the formation of 
complexes with W, which lead to the progressive increase of the intensity of surface -OH. The increase in the intensity of both bands at 
1160 and 1112 cm− 1 was consistent with the previous assignment. The reduction of some Cr(VI) was evident from the reduction of the 
band at 1730 cm− 1. Other differences between adsorption in the two systems included the aromatic bands at 1580 cm− 1 that increased 
in AC but decreased in AC-composite. This indicated the formation of complexes between W and aromatic rings. Moreover, adsorption 
of Cr(VI) onto both AC and AC-composite was accompanied with the increase in the band at 505 cm− 1, which could be assigned to the 
M − O bonds [33]. However, this band increased after all band in the corresponding region in AC but it increased first in AC-composite. 
This was accompanied with the appearance of other bands at 560 and 530 cm− 1 in AC-composite. This pointed to the proceeding of Cr 
(VI) reduction and the stabilization of Cr (III) by the formation of new Cr-O bonds. Additionally, the two bands at 470 and 790 cm− 1 

had difference behavior such that they increased in AC and changed before other bands, while they decreased in AC-composite and 
changed after other bands. Besides, adsorption onto AC-composite was characterized by the increase in the band at 1485 cm− 1 that was 
not observed with AC. The bands at 3440, 885, 850, 915 have been assigned to CrO2−

4 [3]. They were absent in AC-composite, con
firming the reduction of CrO2−

4 to Cr(III) and the formation of Cr-O bonds as indicated by the new bands in the region from 500 to 600 
cm− 1.

In summary, the adsorption mechanism of Cr(VI) onto AC involved electrostatic attraction of charged ions, reduction of Cr(VI), 
orientation of O-H groups, complex formation and ion exchange reactions. On the other hand, ion exchange reactions were not 
observed in the case of AC-composite, but increasing reduction and complex formation due to the presence of W were more pro
nounced. Yet, a possibility of forming monosubstituted compound (a compound where one atom or group has been replaced by 
another) K6P2CrW17 O61⋅nH2O, containing chromium in its maximum oxidation state (Cr (VI)) was present. This was in accordance 
with reported work with other transition metals such as vanadium [43]. This could explain the differences in adsorption thermody
namics and the improved adsorption capacity of AC-composite towards Cr(VI) in the present study.

Further insights into the mechanism were acquired by the analysis of XRD patterns with 2D-COS concepts. Application of 2D-COS 
to XRD data has been reported to be useful in understanding processes in complicated systems [41,44]. The diffraction patterns of AC 
had disappeared in AC-composite indicated a reaction or covering AC surface with P12W11O61. After adsorption, all patterns had 
disappeared indicating amorphous structure with two broad patterns appeared and developed progressively at 21.7 and 43.6◦ in AC 
and at 22.9 and 43.7◦ in AC-composite. Fig. 13 (a) and (b) shows the 2D-COS-XRD spectra of AC with varying amounts of adsorbed Cr 
(VI). In the synchronous spectrum of Fig. 13(a), there were three auto peaks at 13.8, 24.2 and 43.6◦. There were also three cross-peaks, 
two of which were negative and correlated the peaks at (24.2, 13.8) and (43.6, 13.8) o, while the other was positive and correlated the 
peaks at (24.2, 43.6) o. In the asynchronous spectrum of Fig. 13(b), there were two positive cross peaks at (24.2, 13.8) and (43.6, 13.8) 
o and one negative cross peak at (24.2, 43.6) o. This indicated that both patterns at 24.2 and 43.6◦ changed in the same direction 
(increased) but in the opposite direction to the pattern at 13.8o, which was decreased with increasing adsorbed Cr(VI). The signs of 
cross-peaks indicated the following sequential order: 13.8◦ →43.6◦ →24.2◦. Fig. 13 (c) and (d) shows the 2D-COS-XRD spectra of 
AC-composite with varying amounts of adsorbed Cr(VI). In the synchronous spectrum of Fig. 13(c), there were three auto peaks at 
13.8, 22.6 and 43.6◦, and three positive cross-peaks that correlated the peaks at (22.6, 13.8), (43.6, 13.8) and (43.6, 22.6) o. In the 
asynchronous spectrum of Fig. 13(d), there were two positive cross peaks at (22.6, 13.8) and (43.6, 13.8) o and one negative cross peak 
at (43.6, 22.6) o. This indicated that all patterns at 13.8, 22.6 and 43.6◦ changed in the same direction (increased) with increasing 
adsorbed Cr(VI). The signs of cross-peaks indicated the following sequential order: 22.6◦ →43.6◦ →13.8◦. The analysis of hybrid 
2D-COS-XRD synchronous spectrum in Fig. 14 confirmed the signs and direction of change of the previous analysis. Two positive cross 
peaks at (22.6, 13.8) and (43.6, 13.8) o and one negative cross peak at (43.6, 22.6) o were observed.

The overall analysis indicated that adsorption of Cr(VI) onto AC was accompanied with reduction in amorphous region and the 
development of more ordered structures probably due to hydrogen bonding and complexation of Cr(VI) ions. However, the case was 
slightly different with AC-composite as the development of more ordered structures was proceeded first due to the availability of new 
complexation and adsorption sites provided by P2W17O61. Yet, the increase of the amorphous region indicated ion exchange reaction 
occurred by the reduction of some Cr(VI) to Cr(III) and the reaction of the later with functional groups in the AC-composite.

Finally, hetero 2D-COS-XRD-FTIR routine was used to gather evidence of Cr(VI) reduction during adsorption onto AC. The XRD 
pattern at 13.8◦ was considered and correlated with the featured bands in the FTIR spectra of AC after adsorption of Cr(VI). The results 
are shown in Fig. 15 as the synchronous hetero 2D-COS-XRD-FTIR spectrum, where positive and negative cross peaks indicate that the 
two features change in the same and opposite direction respectively. The presence of positive cross peaks at (13.8◦, 3450 cm− 1) and 
(13.8◦, 1630 cm− 1) confirmed the previous conclusion that adsorption occurred with the increase of structure order and hydrogen 
bonding. On the other hand, the presence of negative cross peaks at (13.8◦, 572 cm− 1) and (13.8◦, 1580 cm− 1) confirmed the formation 
of Cr-O bonds probably via the reduction of some Cr(VI). The increase in aromatic contents was consistent with oxidation of CH bonds 
and approved further the formation of Cr(III).
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5. Conclusions

Two-dimensional correlation spectroscopy (2D-COS) was applied to both FTIR and XRD data to study Cr(VI) adsorption onto AC 
and AC-composite. Generalized 2D-COS spectroscopy was utilized to highlight the possible routes of Cr(VI) interactions with the 
adsorbents, while hybrid 2D-COS was applied to confirm band assignments and direction of changes. Additionally, hetero 2D-COS 
spectroscopy was used to correlate between the structure of adsorbents and the mechanism of adsorption. It was concluded that Cr 
(VI) adsorption onto AC occurred through multiple pathways, including electrostatic attraction between charged ions, reduction of Cr 
(VI), orientation of O-H groups, complex formation and ion exchange reactions. In contrast, for AC-composite reduction and complex 
formation were more dominant than ion exchange reactions. Furthermore, a monosubstituted compound (K6P2CrW17 O61⋅nH2O) 
containing chromium in its maximum oxidation state (Cr (VI)) was formed. These findings align with the improved adsorption capacity 
of AC-composite for Cr(VI) compared to AC.

Recommendations for future work. 

Fig. 14. The synchronous hybrid 2D-COS-XRD spectrum of adsorption of Cr(VI) onto both AC and AC-composite.

Fig. 15. The synchronous hetero 2D-COS-XRD-FTIR spectrum of adsorption of Cr(VI) onto AC.
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1. Conduct detailed kinetic and thermodynamic studies to better understand the adsorption behaviour and rate-controlling mecha
nisms for Cr(VI) on AC and AC-composite.

2. Investigate the adsorption performance of AC and AC-composite for other heavy metals or organic pollutants to evaluate their 
versatility and selectivity.

3. Apply in situ and real-time techniques, such as operando spectroscopy, to dynamically monitor adsorption processes and confirm 
the intermediate species.

4. Extend the use of 2D-COS techniques to other adsorbent materials to identify universal patterns in adsorption mechanisms and 
optimize the design of novel and highly selective adsorbents.
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