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A B S T R A C T   

Alkaline lignin, a by-product of the paper-pulping process, can undergo phenolation by pyrogallol in the presence 
of acetone and sulfuric acid to prepare phenolated-alkaline-lignin (PAL). PAL can be further reacted with tet-
raethylenepentamine (TEPA) to prepare lignin-based catecholamine (PAL-TEPA), which exhibits excellent ability 
to remove hazardous Cr (VI) from simulated wastewater. In this study, PAL and PAL-TEPA were systematically 
investigated by SEM, FT-IR, 1H NMR, TGA, and XPS. The conditions for the preparation of PAL and the various 
variables affecting the adsorption behavior of PAL-TEPA were optimized sequentially. The adsorption process 
followed the pseudo-second-order model and fitted to the Langmuir isotherm equation. The maximum adsorp-
tion amount reached 600 mg g− 1 (R = 75 %) under optimized conditions (pH = 2.0, C0 = 200 mg L− 1, V = 100 
mL, T = 30 ◦C, dos. = 25 mg, t = 24 h). Toxic Cr (VI) ions were successfully converted to harmless Cr (III) ions 
and removed by PAL-TEPA adsorbent. This approach opens new avenues for the utilization of lignin and new 
kinds of adsorbent for Cr (VI) removal.   

1. Introduction 

The petrochemical resources bring many benefits to human with 
environmental consequences [1,2]. Various toxic chemicals are being 
released into the environment which cause soil, water, and air pollutions 
[1,2]. Among them, chromium (Cr) which is released in the processes of 
electroplating and mining operations, is considered one of the most 
noxious heavy metals [3,4]. Hexavalent chromium ion (Cr (VI)) has 
strong oxidizing property which endanger human health [4]. According 
to the World Health Organization (WHO), the maximum limit for Cr (VI) 
in the surface water is 0.1 mg L− 1 [5,6]. However, in industrial waste-
water, the concentration is higher than 100 mg L− 1. Therefore, it is 
necessary to investigate an effective method for the removal of Cr (VI) 
[7]. Nowadays, many strategies have been developed for remove of Cr 
(VI) from wastewater containing adsorption, ion exchange [8], reverse 
osmosis [9], chemical precipitation [10], coagulation-flocculation [11], 
and electrochemical remediation [12]. At present, the adsorption 
method which is considered to have the advantages of low cost, easy 
operation, and high adsorption capacity, has a vital position in the field 
of water purification [13]. Various adsorbents have been reported, 
mainly carbon-based, metal oxides, MOF-based, and polymers-based 

nanomaterials. Bio-based adsorbent materials, especially low-value, 
renewable materials, need to be further investigated. 

Lignin is an important biomass which is almost as naturally abundant 
as cellulose [14,15]. It is estimated >300 billion tons of lignin is avail-
able in the biosphere and about 20 billion tons is annually bio-
synthesized worldwide [16]. Additionally, during the industrial paper- 
pulping process, lignin (kraft lignin, lignosulfonates, alkaline lignin) is 
produced as a by-product in over 50 million tons/year. It has been re-
ported that a small fraction of this material is used primarily for low- 
value applications [17,18], where >95 % of which is still burned after 
concentration, which not only damages the ecological environment but 
also causes a lot of waste of resources [19]. 

However, Lignin is often used as biochar as one of the commonly 
used adsorbents for the treatment of heavy metal pollution in water 
[20,21]. However, carbon materials usually contain less active groups, 
and it is difficult to efficiently remove hexavalent chromium in water 
[22]. Reports have shown that the aromatic ring of lignin can be 
modified by sulfomethylation/sulfonation, amination, halogenation, 
nitration, hydroxyakylation, and alkylation/dealkylation reactions 
[23]. The hydroxyl groups of lignin can be modified by esterification, 
etherification, oxidation/reduction, phenolation, sylilation reactions, 

* Corresponding authors at: School of Materials Science and Engineering, Qilu University of Technology (Shandong Academy of Sciences), #3501 Daxue Road, 
Western University Science Park, Jinan City 250353, Shandong Province, PR China. 

E-mail addresses: liuqinze@qlu.edu.cn (Q. Liu), yaojsh@qlu.edu.cn (J. Yao).  

Contents lists available at ScienceDirect 

Journal of Water Process Engineering 

journal homepage: www.elsevier.com/locate/jwpe 

https://doi.org/10.1016/j.jwpe.2022.103334 
Received 26 July 2022; Received in revised form 28 September 2022; Accepted 11 November 2022   

mailto:liuqinze@qlu.edu.cn
mailto:yaojsh@qlu.edu.cn
www.sciencedirect.com/science/journal/22147144
https://www.elsevier.com/locate/jwpe
https://doi.org/10.1016/j.jwpe.2022.103334
https://doi.org/10.1016/j.jwpe.2022.103334
https://doi.org/10.1016/j.jwpe.2022.103334
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jwpe.2022.103334&domain=pdf


Journal of Water Process Engineering 50 (2022) 103334

2

and reaction with isocyanates [24]. Among them, phenolation, also 
known as phenolysis, is a type of lignin modification reacting phenol in 
an acidic medium to improve the reactivity of the target lignin structures 
by directly increasing the content of phenolic hydroxyl groups [25,26]. 
Funaoka et al., was the first to design a primitive reaction system (phase 
separation reaction system) for the derivatization of natural lignin into 
highly phenolic functional polymers. The system consisted of a phenol 
derivative and a concentrated acid (immiscible at room temperature), 
which successfully introduced the phenol structure on the α-C of lignin 
[26]. Zhou et al. successfully prepared lignin-based phenolic foam 
activated by alkali lignin (AL) solid acid catalyzed phenolation process 
[27]. Durga et al. immobilized catechol on lignin, which underwent 
cross-linking to prepare a cross-linked catechol gel, which employed for 
the separation of small amounts of Pb (II) from excess Zn (II) [28]. 
Furthermore, industrial lignin can be phenolated by phenol and utilized 
as phenol-formaldehyde resin. 

Polycatecholamines (PCA), which is a new kind of polymer inspired 
by the adhesion protein of mussel, is prepared using materials con-
taining catechol’s group reaction that contain amine’s groups. Poly-
dopamine, a type of PCA, has been extensively studied on reaction 
conditions, physicochemical properties, and potential applications were 
examined [29–31]. Compared to dopamine, catechol and its derivatives 
are more effective. Thus, PCA prepared using catechol derivatives and 
polyamines (containing diamines) can replace polydopamines in various 
fields [32–34]. For example, PCA, which contains a large number of 
reactive groups including –OH, –NH2, –COOH [35,36], etc., can capture 
target ions via chelation or electrostatic attraction [37]. Novel PAC 
incorporating by tannin and polyethyleneimine (TA-PEI) can efficiently 
adsorb hexavalent chromium Cr (VI), where the adsorption capacity 
value can reach 554.94 mg g− 1 within 15 min [38]. Additionally, a 
prepared cellulose composite with catechol, TEPA and cellulose can 
remove Cr (VI) at 30 ◦C to 507.61 mg g− 1 [39]. 

Phenolation and PAC offer a new avenue for lignin utilization lignin 
modification with materials containing a catechol group and further 
crosslinking with amines. In this work, pyrogallol, obtained from plants, 
was utilized to phenolate alkaline lignin in the presence of acetone. The 
phenolated alkaline lignin further reacted with TEPA to prepare lignin- 

based PCAs (PAL-TEPA), which can be utilized to remove Cr (VI), a kind 
of hazardous heavy metal ion. The effects of different preparation con-
ditions on the phenolic hydroxyl content were investigated. The struc-
ture of PAL-TEPA was characterized by SEM, TEM, FT-IR, TG, etc. 
Finally, the adsorption performance of Cr (VI) ion solution was studied 
for Cr (VI) removal in solution. 

2. Experimental section 

2.1. Materials 

Alkaline lignin (AL, CH2O⋅H2O3S⋅2Na, CP) was purchased from Saen 
Chemical Technology (Shanghai) Co., Ltd. Pyrogallol (PL, C6H6O3, AR), 
tetraethylenepentamine (TEPA, C8H23N5, 90.0 %) and potassium di-
chromate (K2Cr2O7, 99.8 %) were obtained from Aladdin. Folin-Cio-
calteu’s reagent (BR) was purchased from Shanghai Yuanye 
Biotechnology Co., Ltd. Sodium carbonate anhydrous (Na2CO3, 99.9 %) 
was purchased from Macklin. Acetone (CH3COCH3, 99.5 %) and sulfuric 
acid (H2SO4, 98 %) were purchased from Yantai Yuandong Fine 
Chemicals Co., Ltd. Sodium hydroxide (NaOH, 96.0 %) was purchased 
from Tianjin Bodi Chemical Co., Ltd. Ultrapure water (UW) was used in 
all procedures. 

2.2. Preparation 

2.2.1. Preparation of PAL 
A certain proportion of AL and PL (AL:PL = 2:1, 1.5:1, 1:1, 1:1.5, 1:2, 

and maintain the total mass of AL and PL equal to 5 g) was added to a 
200 mL beaker and mixed well. Then, 4 mL 72 % H2SO4 was slowed 
added dropwise to the mixture. After 1 h of magnetic stirring at room 
temperature, acetone (0.5–2.5 mL) was added and the reaction 
continued for 2–12 h. To remove H2SO4 and excess acetone, the reaction 
system was transferred to a dialysis bag (Mw = 3500) until the dialysate 
became neutral. Finally, the phenolated alkaline lignin (PAL) was suc-
cessively obtained after centrifugation and freeze-drying. In order to 
optimize the preparation conditions, other samples were prepared by 
changing the conditions (AL:PL = 2:1, 1.5:1, 1:1, 1:1.5, 1:2, acetone =

Fig. 1. Schematic diagram of preparation process of TEPA-PAL.  
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0.5–2.5 mL, reaction time = 2–12 h) and using the same steps for sub-
sequent comparative testing. The product without adding acetone was 
marked as PAL-0. The samples with AL to PL ratio of 1:0 or 0:1 were 
labeled as PA and PP, respectively. The product acquisition rate was 
calculated using Eq. (1). 

2.2.2. Preparation of PAL-TEPA 
1 g of the prepared PAL was ultrasonically dispersed in 100 mL of 

ultra-pure water, followed by the addition of TEPA (0.5 g). The mixture 
was stirred at room temperature for 48 h obtain alkaline lignin-based 
polycatecholamines (PAL-TEPA) after centrifugation and drying. The 
preparation process of PAL-TEPA and its possible reaction mechanism 
are shown in Fig. 1. 

R =
Wproduct

WAL + WPL + WAcetone
(1)  

where R is the percentage of product obtained, Wproduct is the quality of 
the product obtained after drying, and WAL, WPL, and WAcetone are the 
input masses of AL, PL, and Acetone, respectively. 

2.3. Physicochemical characteristics 

The microscopic morphology and energy dispersive X-ray analyses of 
the prepared samples were achieved using scanning electron 
microscopy-energy dispersive spectrometer analysis (SEM-EDX, Hitachi 
S4800, Japan) after sputtering with a gold layer. The chemical struc-
tures were characterized by Fourier transform infrared spectroscopy 
(FT-IR, NICOLET iS10) in the range of 4000–400 cm− 1 by Traditional 
KBr Tableting Method. The thermal stability was evaluated by ther-
mogravimetric analysis (TGA, Mettler Toledo, Switzerland) under a ni-
trogen or air atmosphere (100 mL min− 1) from 45 ◦C to 800 ◦C at a 
heating rate of 10 ◦C min− 1. 1H NMR spectra of the samples were ob-
tained using nuclear magnetic resonance (NMR, Bruker AVANCE III 600, 
Germany). The chemical structure of the lignin samples was analyzed 
using HSQC-NMR (Bruker, 400, Germany). Material surface composi-
tions were determined using X-ray photoelectron spectroscopy (XPS, 
ESCALAB 250Xi, USA) with a monochromatic Al Kα X-ray source. Visual 
Minteq 3.1 is a chemical equilibrium program that has an extensive 
thermodynamic database and allows for the calculation of speciation, 
equilibrium of Cr (VI) in aqueous solution, where the initial concen-
trations were approx. 200 mg L− 1 to construct chromium species dis-
tribution. Furthermore, an ultraviolet spectrophotometer (TU-1901, 
Beijing) was applied to determine the concentration of Cr (VI) under 
different operating conditions. 

2.4. Determination of phenolic hydroxyl by Folin–Ciocalteu method 

To investigate the preparation conditions, the phenol group con-
centration in AL and PAL was determined by ultraviolet spectropho-
tometer using Folin-Ciocalteu (FC) reagent [40]. 

2.4.1. Preparation of phenol solution 
Preparation of phenol solution was as follows: 0.01 mol L− 1 phenol 

solution was obtained by accurately weighing 0.0941 g of phenol, and 
dissolving and fixing the volume in a 100 mL volumetric flask. This 
solution was accurately diluted 50 times to obtain 200 μmol L− 1 phenol 
solution. 

2.4.2. Determination of phenol working curve 
0, 1, 2, 4, 6, 8 and 10 mL of 200 μmol L− 1 solution were transferred to 

a 50 mL volumetric flask. Then, 3 mL of Folin-Ciocalteu’s reagent and 
10 mL of 20 % Na2CO3 solution were added, water was added to fix the 
volume to 50 mL. The mixture was allowed to reacted for 2 h at room 
temperature to obtain a series of solutions, whose concentration gradi-
ents were measured. The sample with phenol concentration of 0 μmol 

L− 1 was used for comparison. The absorbance of the product was 
measured at 760 nm, and the obtained phenol concentration-absorbance 
curve is shown in Fig. S1a. 

2.4.3. Determination of phenol content in PAL 
100 mg of dried PAL was accurately weighed and placed into a 

beaker containing 100 mL of water, and a small amount of NaOH so-
lution was added until the sample was fully soluble. PAL sample solution 
was diluted tenfold with water. 5 mL of diluted solution was mixed with 
32 mL water using the diluter in a 50 mL volumetric bottles. F–C re-
agent (3 mL) and 20 % Na2CO3 (10 mL) was added to the bottles, mixed 
well and maintained at room temperature for 2 h. The sample with 
phenol concentration of 0 was used as a comparison and the absorbance 
of the sample solution at 760 nm was measured. All investigative ex-
periments were conducted in duplicate to check the authenticity of each 
datum. 

The phenol content was calculated using Eq. (2): 

c
(
OHsample

)
=

C × v × 50
5 × 100

5

m
(2)  

where c(OHsample) is the content of phenol group in PAL sample, mmol 
g− 1; c is the concentration of phenol group in PAL sample solution, mmol 
L− 1; m is the weight of the dried PAL sample, g; and v is the volume of the 
diluted sample solution, L. 

2.5. Batch adsorption experiments 

In the adsorption experiment, Cr (VI) solution was used to evaluate 
the adsorption performance of PAL-TEPA. Aqueous solutions of Cr (VI) 
of different concentrations were prepared by diluting of K2Cr2O7 (Cr 
(VI) = 2000 mg L− 1) stock solution. The pH value of Cr (VI) solution was 
regulated using HCl (1 mol L− 1) and NaOH (1 mol L− 1). The adsorption 
behavior of the adsorbent was determined by batch adsorption experi-
ments. Firstly, a certain mass of PAL-TEPA was added to a 250 mL 
conical flask containing 100 mL of Cr (VI) solution; which was trans-
ferred to a water bath oscillator with a running rate of 200 rpm at a pre- 
set temperature. The effects of adsorbent amount (dos. = 15–45 mg), 
contact time (t = 1–24 h), ambient temperature (T = 20–40 ◦C), and 
initial concentration (C0 = 200 mg L− 1) of Cr (VI) solutions were 
investigated according to the same experimental procedure. The con-
centration of Cr (VI) solution before and after adsorption was deter-
mined using the 1.5-diphenvlcarbazide method and the characteristic 
absorbance peak at 540 nm by UV spectrometry [13,41]. The obtained 
standard curve from the various Cr (VI) ion solution concentrations is 
shown in Fig. S1b. All investigational Cr (VI) removal experiments were 
performed in duplicate to check the authenticity of each data. 

The adsorption capacity of PAL-TEPA was calculated using Eq. (3) 
and Eq. (4) [42,43]: 

Qe =
(C0 − Ce)V

m
(3)  

Qt =
(C0 − Ct)V

m
(4)  

where Qt (mg g− 1) and Ct (mg L− 1) are the adsorption amount and re-
sidual concentration for any moment, respectively. C0 (mg L− 1) and Ce 
(mg L− 1) are the concentrations of Cr (VI) solution at the initial and 
equilibrium moments, respectively. m (g) is the amount of adsorbent and 
V (L) is the volume of the solution. 

The removal percentage of Cr (VI) was estimated using Eq. (5): 

Removal (%) =
C0 − Ct

C0
× 100 (5)  
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3. Results and discussion 

3.1. SEM-EDX analysis 

SEM images of alkaline lignin, phenolated alkaline lignin (PAL), and 
lignin-based polycatecholamines (PAL-TEPA) are shown in Fig. 2. The 
particle size of alkaline lignin was approx. 30 μm and the morphology of 
these small irregular spheres were folded on their surfaces, as shown in 
Fig. 2a–b. The microscopic shape of PAL was changed. As shown in 
Fig. 2c–d, the particle size of PAL was approx. 10 μm on average, which 
was much smaller than that of alkaline lignin. Furthermore, the particles 
were not uniform and the microscopic morphology of PAL was spherical 
particles agglomerated together, which occurred during the phenolation 
process. As shown in Fig. 2e–f, the particle size of PAL-TEPA became 
smaller, but the microscopic morphology remained unchanged after the 
catechol-amine reaction. The smaller particle size and agglomerated 
structure of the adsorbent provided a larger specific surface area for the 
adsorption of Cr (VI). 

SEM and EDX images of PAL-TEPA loaded with Cr (VI) are shown in 
Fig. 2g. The surface morphology of PAL-TEPA before and after adsorp-
tion do not change significantly compared to Fig. 2g and Fig. 2f. EDX 
images showed a uniform presence of the four elements, C, O, N, and Cr, 
on the surface of PAL-TEPA after adsorption. The corresponding EDS 
spectrum and elemental composition of PAL-TEPA are shown in Fig. S2. 

The presence chromium indicates that PAL-TEPA removed Cr (VI) from 
aqueous solution. 

3.2. FT-IR and 1H NMR analysis 

Characteristic groups of AL, PAL and PAL-TEPA were determined by 
FT-IR analysis, as shown in Fig. 3a. The spectra of all samples showed 
peaks at 2950 and 2850 cm− 1 that were attributed to the stretching of 
C–H bond present in the methoxy and alkyl groups [44]. The peaks at 
1596 and 1515 cm− 1 were typical for aromatic C–C stretching in the 
phenolic group of alkaline lignin, and the peaks at 1140 cm− 1 and 1040 
cm− 1 were attributed to C–O–C stretching in the alkyl substituted 
ether in alkaline lignin [45]. Compared to the alkaline lignin, a peak at 
3450 cm− 1 corresponding to the stretching of the phenolic –OH group of 
pyrogallol was observed for PAL and PAL-TEPA [44,46]. This was due to 
the introduction of large amounts of pyrogallol. The results were further 
confirmed by comparing 1H NMR spectra (Fig. 3b), where a large 
amplification of the peak between 8.0 and 9.0 ppm was detected. 
Similarly, the successful introduction of PL was confirmed by the skel-
etal vibrational absorption of the benzene ring of pyrogallol at 1050 
cm− 1 (FT-IR) and the amplification of the aromatic protons signals be-
tween 6.0 and 7.4 ppm (1H NMR). Reduced signal intensity at approx. 
1.5 and 2.0 ppm was attributed to the acid-catalyzed cleavage of the 
ether bond, suggesting that AL was cleaved during the reaction resulting 

Fig. 2. SEM image of (a–b) alkaline lignin, (c–d) PAL, (e–f) TEPA-PAL, EDX mappings of the elements in the (g) TEPA-PAL adsorption.  
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in lower yields [47]. The increase in signal intensity at approx. 1.0 and 
1.5 ppm indicated a change in the number of methyl groups, probably 
due to the condensation reaction of acetone and cross-linking of the 
polymer [48–50]. 

3.3. 2D-HSQC NMR analysis 

2D HSQC NMR spectra of AL and PAL were acquired to obtain 
additional structural information. The signals related to the side chain 
region (δC/δH 50–105/2.5–6.0 ppm) were the β-aryl ether unit (β-O-4′, 
A), the phenyl coumarin unit (β-5′/α-O-4′, B), the pinoresinol unit (β-β′, 
C), and lignin methoxy (–OMe) [44,51]. The signal of λ-acylated β-aryl 
ether (A′) appeared in the spectra of AL at low resonance levels. In the 

side chain region of the HSQC spectrum, OMe (δC/δH 56.34/3.67 ppm) 
was the prominent signal, which did not vary significantly among all 
samples. The aromatic/unsaturated region (δc/δн 100–140/6.0–8.0 
ppm) depicted guaiacyl (G), lilacyl (S) and p-hydroxyphenyl (H) units, as 
shown in Fig. 3d. AL was enriched with G and S monomers and a small 
amount of H monomers. The assignments of main correlation signals in 
the spectra were listed in Table S1, and the main substructures of the AL 
samples are clearly depicted in Fig. S3. As expected, 2D HSQC spectrum 
of PAL showed a dramatic difference compared to the starting lignin. 
The signal intensity of the β-aryl ether bond (β-0-4′, A) is reduced in PAL, 
indicating β-0-4′ bond cleavage during the phenolization reaction, 
which was consistent with FT-IR analysis (Fig. 3a). The depolymeriza-
tion of G units during phenolation [42], as well as the introduction of 

Fig. 3. (a) FT-IR spectroscopy of the AL, PAL, and TEPA-PAL, (b) 1H NMR spectra of raw AL and PAL, 2D HSQC spectra of (c) AL and (d) PAL.  
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pyrogallol led to the dispersion of G2 signal in PAL. The signals of the 
lignin substructures (A, B, C,) disappeared. In the case of the lignin 
substructures of A, B, and C, phenolation promoted binding of even 
benzotrienols to lignin, resulting in new signals. In addition, the signal 

intensity of S and G units decreased, which could be due to the intro-
duction of polyphenols on lignin, causing cleavage of the original side 
chain structure [44]. 

Fig. 4. (a) TG curves of alkaline lignin, PAL and Pyrogallol, (b) TG curves of TEPA-PAL before and after Cr (VI) adsorption.  

Fig. 5. (a) Comparison of phenol content and yield of AL, PAL-0, and PAL, factors influencing phenol content (b) reaction time (t = 4–12 h, acetone addition = 2 mL, 
AL:PL = 1:1), (c) acetone addition (acetone addition = 0.5–2.5 mL, t = 8 h, AL:PL = 1:1), (d) ratio of AL to PL (AL:PL = 2:1, 1.5:1, 1:1, 1:1.5, 1:2, acetone addition =
2 mL, t = 8 h). 
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3.4. TG analysis 

As shown in Fig. 4a, the weight loss of pyrogallol was complete at 
250 ◦C due to sublimation or decomposition. The higher residual rate of 
alkaline lignin stemmed from the formation of a crosslinked and 
condensed matrix of aromatic structures at high temperatures [52]. The 

thermal stability of PAL was greater than that of pyrogallol, which was 
due to the introduction of alkaline lignin during the phenolation process. 
The residual rate of PAL was significantly lower than that of AL because 
of PAL’s smaller particles and the introduction of a large amount of 
pyrogallol on alkaline lignin during the reaction. 

The weight loss curves of PAL-TEPA before and after adsorption of Cr 

Fig. 6. Effects of Cr (VI) (a) Different sorbents, (b) initial concentration and temperature (C0 = 100–250 mg L, V = 100 mL, T = 20–30 ◦C, pH = 2.0, dos. = 25 mg, t 
= 24 h), (c) pH value and adsorption dose (pH = 2.0–6.0, C0 = 200 mg L− 1, V = 100 mL, T = 30 ◦C, dos. = 15–45 mg, t = 24 h) and (d) contact time (t = 0–24 h, C0 =

200 mg L− 1, V = 100 mL, T = 30 ◦C, pH = 2.0, dos. = 25 mg), (e) zeta potential charges of PAL-TEPA, (f) chromium species distribution at different solution pH. 
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(VI) are depicted in Fig. 4b. The first weight loss stage was observed 
before 150 ◦C owing to the evaporation of natural and bound water. 
Compared to the unused adsorbent, the thermal stability of the adsorbed 
PAL-TEPA was diminished, the rate of weight loss was significantly 
quicker, and completion was achieved at lower temperature. Hence, the 
binding of Cr (VI) to the active sites on the adsorbent weakened the 
intermolecular interactions, or the addition of metal ions enhanced the 
thermal conductivity of the adsorbent led to an earlier onset of weight 
loss. In contrast to the complete decomposition of the fresh adsorbent, 
the used adsorbent had higher residual rate due to the loading of large 
amounts of Cr (VI). Therefore, the adsorbent has a good adsorption ef-
fect on Cr (VI). 

3.5. Examination of phenolation conditions 

As shown in Fig. 5a, the phenolic hydroxyl of alkaline lignin was 
about 0.8 mmol g− 1, while that of PAL-0 increased to about 3.0 mmol 
g− 1, which indicated successful phenolation. In the case of production 
rate, PAL was greater than PAL-0 which is prepared without adding 
acetone. Hence, acetone took part in the reaction and played an 
important role in the preparation of PAL. This result is further confirmed 
by the new signal at δC/δH 20–40/1.0–1.5 ppm in the 2D HSQC NMR 
spectrum of PAL. Furthermore, the reaction between PL and acetone in 
the presence of H2SO4 produced sediment after dialysis and centrifu-
gation. 1H NMR of the sediment showed the presence of aromatic and 
aliphatic hydrogen, which arose due to PL and acetone separately, 
respectively (Fig.S4). The reaction between AL and acetone under the 
same conditions also generated sediment with a production rate of 18.3 
%. This meant that the obtained mixture from the reaction between PL 
and AL in the presence of H2SO4 contained polymers (AL and PAL-0) and 
small molecules (PL), where all were crosslinked by acetone. 

Interesting, PAL-0 (3.0 mmol g− 1) contained more phenolic hydroxyl 
groups than PAL (2.2 mmol g− 1). This was due to the ease to increasing 
molecular weight that caused sedimentation by crosslinking with AL 
compared to PL as shown in Fig. 5a. 

As shown in Fig. 5b, the yield of PAL gradually increased at first and 
then decreased with increasing reaction time because of the competition 
between hydrolysis of AL [53,54] and phenolation. Phenolation 
increased the molecular weight of PAL which can present with 
increasing the production rate after dialysis. Conversely, the hydrolysis 
of AL decreased the production rate. Hence, phenolation dominated 
initially, but hydrolysis dominated after 12 h reaction. Therefore, the 
reaction time of 8 h was chosen as the optimal amount. 

The amount of acetone added affected the production rate of PAL, as 
shown in Fig. 5c. As the amount of acetone increased from 0.5 mL to 2.0 
mL, the production rate increased from 15 % to 53 %. By further 
increasing the acetone amount to 2.5 mL the production rate began to 
decrease 49 %. Therefore, excess acetone could not act as a crosslinker 
and thus reduced the apparent production rate. 2.0 mL of acetone was 
chosen as the optimal amount. 

Different feedstock ratios (AL:PL = 2:1, 1.5:1, 1:1, 1:1.5, 1:2) were 
examined under (t = 8 h, acetone addition = 2.0 mL) the reaction 
conditions to investigate the effects on PAL yield and phenolic hydroxyl 
content (Fig. 5d). The phenolic hydroxyl gradually increased with 
increasing PL addition. This illustrated that more PL was grafted onto 
PAL with increasing of PL added. The production rate increased as AL: 
PL > 1:1 and decrease as AL:PL < 1:1. Hence, pyrogallol participated in 
the phenolation reaction and increased the molecular weight of PAL, 
while excessive pyrogallol reduced the molecular weight and resulted in 
diminished the yield. Thus, AL:PL = 1:1 was chosen as the best addition 
ratio. 

3.6. Effects of Cr (VI) initial ion concentrations 

According the obtained results, it was clear that the adsorption 
amount of phenolated lignin was more than that of alkaline lignin. This 

highlighted the important role of the phenolic group in Cr (VI) removal. 
PAL-TEPA adsorbed Cr (VI) 500 mg g− 1, which was better than that of 
PAL and AL (Fig. 6a). This further confirmed the successful catechol- 
amine reaction. 

As shown in Fig. 6b, the amount of Cr (VI) adsorbed by PAL-TEPA 
increased gradually with increasing Cr (VI) ion concentration. Howev-
er, the removal percentage of Cr (VI) from solution showed an opposite 
trend (Fig. S5a). At lower Cr (VI) concentrations, PAL-TEPA surface had 
enough adsorption sites to interact with Cr (VI) ions, which facilitated 
the chelation of adsorption groups with Cr (VI). In addition, the diffusion 
resistance of the ions inside the solution increased with increasing so-
lution concentration, where Cr (VI) needed to overcome a greater mass 
transfer resistance to reach the adsorbent surface, and the interaction 
between Cr (VI) reduced the adsorption efficiency. When a large amount 
of Cr (VI) was loaded, there were limited sites on the adsorbent to bind 
to Cr (VI), resulting saturation, hence and while the increase in Cr (VI) 
concentration led to reduced Cr (VI) removal percentage from the so-
lution. Experimental data showed that PAL-TEPA maintain high and 
removal rate adsorption capacity within a certain concentration range, 
which indicated that the large number of –NH– and –OH groups in PAL- 
TEPA contributed to excellent performance of Cr (VI) removal. 

3.7. Effect of environment temperature 

Fig. 6b also shows the influence of adsorption performance at 
different ambient temperatures (20 ◦C, 30 ◦C, 40 ◦C). The graph clearly 
showed that the amount of adsorption was almost constant at lower Cr 
(VI) concentrations (e.g., 100 mg L− 1). At high Cr (VI) concentrations (e. 
g., 250 mg L− 1), the effect of temperature change on adsorption was not 
obvious. However, the effect of temperature was evident at concentra-
tions ranging from 120 to 200 mg L− 1. In particular, the most significant 
change was observed at an initial concentration of 150 mg L− 1 of Cr (VI). 
When the concentration was below 100 mg L− 1, the adsorbent had 
sufficient sites on its surface to contact a limited amount of Cr (VI) ions, 
but temperature influenced the adsorption capacity and it became weak 
with increasing temperature. When the concentration was above 220 
mg L− 1, there were limited sites on the adsorbent to capture more Cr (VI) 
ions, which diminished the effect of temperature on the adsorption ca-
pacity and the adsorption amount tended to equilibrate. While the 
concentration is between 100 and 220 mg L− 1, the energy provided by 
the environment increased the adsorption amount. On the one hand, 
with increasing temperature increases, the active sites on the adsorbent 
were continuously exposed. On the other hand, the target ions can gain 
more energy, and some of the molecules with lower energy become 
activated molecules, which increases the number of effective collisions 
to the adsorption site, thus making the adsorption rate faster. Based on 
the results in Fig. 6b, PAL-TEPA can also have a good adsorption effect 
without adding an external heat source, and the condition of 30 ◦C was 
selected for subsequent exploration. 

3.8. Effect of initial pH and adsorption dose 

pH of the solution determined the level of electrostatic or molecular 
interaction between adsorbent and adsorbate by affecting the solution’s 
chemistry of the pollutant and the surface functional group state of the 
adsorbent. As shown in Fig. 6c, the effects of both pH and adsorbent 
addition on the performance of Cr (VI) adsorption by PAL-TEPA were 
investigated. The adsorption performance of PAL-TEPA decreased 
significantly with increasing pH value under the condition of equal 
amount of adsorbent. However, at pH values < 2.4, –NH2 groups were 
protonated to positively charged –NH3

+. In aqueous solutions with pH 
below 4, Cr (VI) existed as HCrO4

− ions, while at pH above 4, it exists as 
HCrO4

− and Cr2O7
2− anions (Fig. 6f) [55,56]. As a result, the surface 

groups of PAL-TEPA were fully protonated at pH = 2 (Fig. 6e), which 
enhanced the electrostatic interaction with HCrO4

− ions and enhanced 
the adsorption capacity of the adsorbent for HCrO4

− . As pH increased, the 

Z. Zhang et al.                                                                                                                                                                                                                                   



Journal of Water Process Engineering 50 (2022) 103334

9

protonation of -NH2 groups decreased, so electrostatic attraction became 
weaker leading to a reduction in adsorption performance. In addition, 
under optimal pH conditions, the adsorbent capacity decreased from 
(635 mg g− 1) to (417 mg g− 1) with increasing PAL-TEPA input in so-
lution, but the removal percentage of Cr (VI) ions showed the opposite 
trend. The increase in removal rate may be due to changes in the 
adsorbent input under optimal pH conditions, which led to more 
adsorption active sites and larger contact areas, as well as reduced 
adsorption capacity due to the underutilization of adsorption sites. As 
pH increase, the effect of adsorbent addition was similarly attenuated 
due to the weakening of electrostatic interactions, and the variation of 
the final adsorption capacity tended to be consistent. Based on the re-
sults in Fig. 6c, subsequent adsorption studies were performed at pH =
2.0 and dos = 25 mg, considering the economics of adsorbent dosage. 

3.9. Effects of contact time 

The contact time was an important factor in the adsorption process 
and reflected the different stages of the adsorption state and time when 
equilibrium was finally reached. Based on the results of the previous 
experiments, the trends of the adsorption capacity at different contact 
times (0–24 h) were investigated at 30 ◦C, Cr (VI) solution concentration 
of 200 mg L− 1, pH = 2 and adsorbent dosage of 25 mg as shown in 
Fig. 6d. The active sites were able to contact and chelate a large amount 
of ions during the first 2 h, and the adsorption of Cr (VI) by PAL-TEPA 
showed a rapid increase. Over time, the active sites were gradually 

occupied by Cr (VI). The growth of Qt decreased with decreasing active 
sites. Prolongation of time did not significantly effect adsorption 
amount, and gradually reached equilibrium. 

3.10. Adsorption isotherm analysis 

The isothermal adsorption model describes the adsorption process by 
investigating the relationship between the equilibrium solute concen-
tration and adsorption capacity in solution at a specific temperature 
[57]. In this study, the linear form of the Langmuir [58] and Freundlich 
[59] model was used to describe the adsorption equilibrium relationship 
to gain greater insight into the removal of Cr (VI) by PAL-TEPA. 

First, the assumptions of the Langmuir model were as follows: (1) the 
adsorption occurred on an adsorbent in the form of the monolayer with a 
homogeneous surface structure, and (2) the binding sites had the same 
adsorptive trend without interaction. The Langmuir isotherm adsorption 
is expressed in Eq. (6): 

Ce

Qe
=

1
KLQm

+
Ce

Qm
(6)  

where Qm (mg g− 1), Qe (mg g− 1), and Ce (mg L− 1) represent the 
maximum adsorption, equilibrium adsorption, and Cr (VI) residual 
concentration when the adsorption reached equilibrium, respectively. 
KL (L mg− 1) is the sorption equilibrium factor related to the affinity of 
the binding site. The linear equation was obtained by plotting Ce/Qe 
against Ce (Fig. 7), the values of KL and Qm were obtained by linear 

Fig. 7. Linear fittings of (a) Langmuir and (b) Freundlich isotherm models, (c) the pseudo-first-order and (d) pseudo-second-order equations for removal of Cr (VI) by 
TEPA-PAL. 
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regression methods as shown in Table S2. Through the above work, 
another equilibrium parameter RL of the Langmuir equation can be 
obtained, which is an extremely small constant. Based on the value of RL, 
it can be determined whether the adsorption process is feasible or not. In 
the literature, it is regarded as: RL > 1, unfavorable; RL = 1, linear; 0 <
RL < 1, favorable; and RL = 0, irreversible. When the experimental result 
is in the range of 0 < RL < 1, the adsorption system is described as 
favorable [60,61]. The calculation formula is expressed in Eq. (7). 

RL =
1

KLC0 + 1
(7)  

where C0 is the initial ion concentration (mg L− 1) and KL is the satura-
tion adsorption constant of the Langmuir model (L mg− 1). 

The Freundlich isotherm is an empirical equation which assumes 
that the adsorption process occurs on a non-homogeneous surface and 
that the adsorption capacity is related to Cr (VI) concentration at equi-
librium. The Freundlich model is expressed in Eq. (8). 

logQe = logKF +
1

nlogCe
(8)  

where KF and n are the constants of the adsorption capacity and the 
adsorption strength, respectively. Similarly, the values of KF and n are 
obtained by plotting and linear regression of log Ce against log Qe 
(Table S2). 

The Langmuir isothermal sorption model R2 (R2 = 0.9993) fits well 
compared to the Freundlich modal (R2 = 0.9858), hence the Langmuir 
model described the equilibrium isotherm well. The calculated Qm value 
at 30 ◦C was 602 mg g− 1, and the theoretical value was close to the 
experimental one. Values of RL (RL = 0.23) confirming that the PAL- 
TEPA is favorable for the adsorption of Cr (VI) ions under conditions 
used in this study. 

Table 1 
Comparison of Cr (VI) absorptivity of PAL-DETA with other reported materials.  

Materials pH T Qm Ref. 

(◦C) (mg g− 1) 

DACS-CA 3.0  60  96.45 [65] 
Lignin-PEI 2.0  45  898.2 [66] 
Lignin–GO nanospheres 2.0  45  368.78 [67] 
PAC@AC 2.0  30  507.61 [39] 
mPD-MCS Below 4   227.27 [68] 
PDA-sphere 2.5–3.8  20  180.51 [56] 
MPA-10 2.0  45  550.30 [69] 
MnOx/ACS-4 1.0  25  660.7 [65] 
PTHA 2.5  30  283.29 [70] 
PAL-TEPA 2.0  30  602.41 This work  

Fig. 8. (a) XPS analysis of TEPA-PAL before and after adsorption chromium, (b) XPS Cr2p spectra on the used TEPA-PAL, XPS (c) O1s and (d) N1s spectra of TEPA- 
PAL before and after adsorption chromium. 
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3.11. Adsorption kinetic analysis 

Pseudo-first-order kinetic model [62] and pseudo-second-order ki-
netic model [63] were used to investigate the adsorption experiments 
process. 

Pseudo-first-order kinetic model: 

log(Qe − Qt) = logQe −
k1t

2.303
(9)  

pseudo-second-order kinetic model: 

t
Qt

=
1

(
k2Qe

2)+
t

Qe
(10)  

where Qt is the adsorption amount at different sampling time intervals 
(mg g− 1). Qe is the adsorption amount at the moment of equilibrium 
(mg g− 1). t is the time of the adsorption process, and k1 and k2 are the 
adsorption rate constants of the pseudo-first-order model (h− 1) and the 
pseudo-second-order model (g/mg⋅h), respectively. 

The relevant constants for the two kinetic models for Cr (VI) removal 
by PAL-TEPA are listed in Table S3. Observably, the pseudo-secondary 
kinetic equation model had better correlation coefficients and Qe 
values obtained from the theoretical calculations were closer to the 
experimental ones, which indicated that the adsorption rate was related 
to the number of active sites on the adsorbent and not to the concen-
tration of Cr (VI) in solution [64]. 

3.12. Comparison of Cr (VI) absorptivity with others 

To visualize the adsorption characteristics of PAL-TEPA for Cr (VI) 
ions, we selected some typical materials documented in the literature, 
especially bio-based adsorbents or modified materials (e.g. Lignin-PEI, 
Lignin-GO nanospheres, MnOx/ACS-4), as shown in Table 1. The 

comparison of their saturation adsorption amounts revealed, that PAL- 
TEPA had significant greater potential to remove hazardous Cr (VI). It 
also implies that PAC-modified biomaterials exceed the traditional PDA 
materials in some fields. 

3.13. XPS analysis 

To further investigate the adsorption possibility and adsorption 
mechanism of PAL-TEPA, XPS analysis was performed on before and 
after adsorption, as shown in Fig. 8. The binding energy peaks of C1s, 
N1s, O1s and Cr2p were found in PAL-TEPA scan after adsorption, 
indicating that Cr (VI) ions were successfully loaded. The –NH–/–NH2 
group acts as an electron donor to band with H+, and then –NH2

+–/–NH3
+

has a good electrostatic attraction for negative ions in solution [71,72]. 
The N 1s peaks before adsorption appeared at ~400.15 eV and ~399.32 
eV, respectively, and the uptake of Cr (VI) caused significant energy 
band shifts at ~0.3 eV and ~0.6 eV, which implied a possible strong 
reaction between –NH–/–NH2 group sites and Cr (VI) ions (Fig. 8d). The 
adsorbent was rich in –OH groups with good reducing properties, while 
chromium ions can be oxidized easily at low pH conditions. Comparing 
the changes in the oxygen content function before and after adsorption 
of chromium (Fig. 8c), showed a slight increase in the relative intensity 
of the C––O bond peak due to the conversion of many Ph-OH groups to 
Ph––O during the adsorptive reduction process [37,55]. XPS analysis 
results indicated that some of Cr (VI) was converted to harmless Cr (III) 
and immobilized onto the adsorbent [73,74]. The possible adsorption 
and reduction processes of Cr (VI) are represented by Eqs. (11)–(13). 
Firstly, anionic Cr (VI) was adsorbed by the protonated functional 
groups (–NH2

+–/–NH3
+) through electrostatic attraction. Then, Ph-OH 

functioned as electron donors to reduce Cr (VI) into Cr (III) and were 
oxidized into carbonyl groups by Cr (VI). Finally, the converted Cr (III) 
was immobilized by the Ph-OH, Ph––O, and –NH–/–NH2. The possible 
adsorption mechanism is shown in Fig. 9. 

Fig. 9. Schematic diagram of adsorption-reduction procedure of Cr (VI) over PAL-TEPA.  
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–NH–
/

–NH2 +H+⇌–NH+
2 –

/
–NH+

3 (11)  

–NH+
2 –

/
–NH+

3 +HCrO−
4 →–NH+

2 –
/

–NH+
3 ⋯HCrO−

4 (12)  

Ph–OH+HCrO−
4 + 4H+→3Ph = O+Cr3+ + 4H2O (13)  

3.14. Adsorption of other heavy metal ions 

In order to describe more fully the adsorption performance of PAL- 
TEPA on heavy metal ions [42,65], representative toxic heavy metal 
ions (Cu2+, Cd2+, Pb2+) were selected for adsorption tests and the 
experimental results are shown in Table S4. The adsorption performance 
of PAL-TEPA on other heavy metals was significantly lower than that of 
Cr (VI). Meanwhile, Cu2+, Cd2+, Pb2+, and other anions as coexisting 
ions have less effect on the adsorption performance of Cr (VI) (Fig. S7). 
Therefore, PAL-TEPA had a high selectivity towards Cr (VI). 

4. Conclusions 

In summary, alkaline lignin was phenolated by pyrogallol and 
further crosslinked with acetone to form PAL. AL/PL ratio, acetone 
amount and reaction time were investigated, which played an important 
role in the preparation process. Under optimized conditions (acetone 
addition = 2 mL, AL:PL = 1:1, t = 8 h), PAL can achieve excellent yields 
(53 %) and high phenolic hydroxyl content (27 mmol g− 1) at the same 
time. The successfully prepared PAL-TEPA had an impressive ability to 
remove harmful Cr (VI) from the simulated wastewater benefiting from 
additional of –HN– group in TEPA, the maximum adsorption amount 
reached 600 mg g− 1 (R = 75 %) under optimized conditions. Cr (VI) 
removal process followed the pseudo-second-order model and fits the 
Langmuir isotherm equation. The toxic Cr (VI) ions were partially con-
verted to harmless Cr (III) ions due to the presence of –OH. Thus, PAL- 
TEPA adsorbents are a green source, low cost, and have great poten-
tial in the treatment of Cr (VI) pollution. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgements 

This work was supported by Natural Science Foundation of Shan-
dong Province [ZR2020ME072, ZR2020ME082]; Universities Twenty 
Foundational Items of Jinan City [2020GXRC027, No. 2021GXRC097, 
2021GXRC068]; and the Science Fund of Shandong Laboratory of 
Advanced Materials and Green Manufacturing (Yantai) 
[AMGM2021F05]. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jwpe.2022.103334. 

References 

[1] C. Li, C. Chen, X. Wu, et al., Recent advancement in lignin biorefinery: with special 
focus on enzymatic degradation and valorization, Bioresour. Technol. 291 (2019), 
121898, https://doi.org/10.1016/j.biortech.2019.121898. 

[2] P. Singh, A. Ojha, A. Borthakur, et al., Emerging trends in photodegradation of 
petrochemical wastes: a review, Environ. Sci. Pollut. Res. Int. 23 (22) (2016) 
22340–22364, https://doi.org/10.1007/s11356-016-7373-y. 

[3] R. Katirci, A. Altınsarı, The conversion of the waste Cr(VI) electroplating bath to Cr 
(III) electroplating bath, Int. J. Environ. Sci. Technol. 17 (10) (2020) 4205–4216, 
https://doi.org/10.1007/s13762-020-02765-2. 

[4] Y. Orooji, Z. Nezafat, M. Nasrollahzadeh, et al., Polysaccharide-based (nano) 
materials for Cr(VI) removal, Int. J. Biol. Macromol. 188 (2021) 950–973, https:// 
doi.org/10.1016/j.ijbiomac.2021.07.182. 

[5] R. Bhatt, B. Sreedhar, P. Padmaja, Chitosan supramolecularly cross linked with 
trimesic acid - facile synthesis, characterization and evaluation of adsorption 
potential for chromium(VI), Int. J. Biol. Macromol. 104 (Pt A) (2017) 1254–1266, 
https://doi.org/10.1016/j.ijbiomac.2017.06.067. 

[6] J. Preethi, P. Karthikeyan, S. Vigneshwaran, et al., Facile synthesis of Zr(4+) 
incorporated chitosan/gelatin composite for the sequestration of Chromium(VI) 
and fluoride from water, Chemosphere 262 (2021), 128317, https://doi.org/ 
10.1016/j.chemosphere.2020.128317. 

[7] F. Zhang, X. Jiang, J. Lin, et al., Reactivity improvement by phenolation of wheat 
straw lignin isolated from a biorefinery process, New J. Chem. 43 (5) (2019) 
2238–2246, https://doi.org/10.1039/c8nj05016c. 

[8] Y.F. Ren, Y.H. Han, X.F. Lei, et al., A magnetic ion exchange resin with high 
efficiency of removing Cr (VI), Colloid Surf. A Physicochem. Eng. Asp. 604 (2020) 
10, https://doi.org/10.1016/j.colsurfa.2020.125279. 

[9] B.K. Mert, K. Kestioglu, Application of nanofiltration and reverse osmosis for 
tanning wastewater, Int. J. Environ. Res. 8 (3) (2014) 789–798. 

[10] B.H. Xie, C. Shan, Z. Xu, et al., One-step removal of Cr(VI) at alkaline pH by UV/ 
sulfite process: reduction to Cr(III) and in situ Cr(III) precipitation, Chem. Eng. J. 
308 (2017) 791–797, https://doi.org/10.1016/j.cej.2016.09.123. 

[11] L. Lugo, A. Martin, J. Diaz, et al., Implementation of modified acacia tannin by 
Mannich reaction for removal of heavy metals (Cu, Cr and Hg), Water 12 (2) 
(2020) 11, https://doi.org/10.3390/w12020352. 

[12] W. Jin, H. Du, S.L. Zheng, et al., Electrochemical processes for the environmental 
remediation of toxic Cr(VI): a review, Electrochim. Acta 191 (2016) 1044–1055, 
https://doi.org/10.1016/j.electacta.2016.01.130. 

[13] P. Miretzky, A.F. Cirelli, Cr(VI) and Cr(III) removal from aqueous solution by raw 
and modified lignocellulosic materials: a review, J. Hazard. Mater. 180 (1–3) 
(2010) 1–19, https://doi.org/10.1016/j.jhazmat.2010.04.060. 

[14] A. Ekielski, P.K. Mishra, Lignin for bioeconomy: the present and future role of 
technical lignin, Int. J. Mol. Sci. 22 (1) (2020), https://doi.org/10.3390/ 
ijms22010063. 

[15] J. Karthauser, V. Biziks, C. Mai, et al., Lignin and lignin-derived compounds for 
wood applications-a review, Molecules 26 (9) (2021), https://doi.org/10.3390/ 
molecules26092533. 

[16] D.L. Kaplan, Biopolymers From Renewable Resources, 1998. 
[17] Y. Qu, H. Luo, H. Li, et al., Comparison on structural modification of industrial 

lignin by wet ball milling and ionic liquid pretreatment, Biotechnol. Rep. (Amst.) 6 
(2015) 1–7, https://doi.org/10.1016/j.btre.2014.12.011. 

[18] L.A. Zevallos Torres, A. Lorenci Woiciechowski, V.O. de Andrade Tanobe, et al., 
Lignin as a potential source of high-added value compounds: a review, J. Clean. 
Prod. 263 (2020), https://doi.org/10.1016/j.jclepro.2020.121499. 

[19] N. Supanchaiyamat, K. Jetsrisuparb, J.T.N. Knijnenburg, et al., Lignin materials for 
adsorption: current trend, perspectives and opportunities, Bioresour. Technol. 272 
(2019) 570–581, https://doi.org/10.1016/j.biortech.2018.09.139. 

[20] L.Y. Meng, M.G. Ma, X.X. Ji, Preparation of lignin-based carbon materials and its 
application as a sorbent, Materials (Basel) 12 (7) (2019), https://doi.org/10.3390/ 
ma12071111. 

[21] A.M. Puziy, O.I. Poddubnaya, O. Sevastyanova, Carbon materials from technical 
lignins: recent advances, Top. Curr. Chem. 376 (4) (2018) 33, https://doi.org/ 
10.1007/s41061-018-0210-7. 

[22] Y. Hu, M. Ling, X.F. Li, Preparation of lignin-based mesoporous biochar nano- and 
microparticles, and their adsorption properties for hexavalent chromium, 
Bioresources 16 (3) (2021) 6363–6377, https://doi.org/10.15376/ 
biores.16.3.6363-6377. 

[23] M.N. Satheesh Kumar, A.K. Mohanty, L. Erickson, et al., Lignin and its applications 
with polymers, J. Biobased Mater. Bioenergy 3 (1) (2009) 1–24, https://doi.org/ 
10.1166/jbmb.2009.1001. 

[24] R.V. B, P. Barman, R. Kadam, et al., Lignin-based adsorbent for effective removal of 
toxic heavy metals from wastewater, Emerg. Mater. (2021), https://doi.org/ 
10.1007/s42247-021-00311-5. 

[25] A.F. Ang, Z. Ashaari, S.H. Lee, et al., Lignin-based copolymer adhesives for 
composite wood panels – a review, Int. J. Adhes. Adhes. 95 (2019), https://doi. 
org/10.1016/j.ijadhadh.2019.102408. 

[26] P. Figueiredo, K. Lintinen, J.T. Hirvonen, et al., Properties and chemical 
modifications of lignin: towards lignin-based nanomaterials for biomedical 
applications, Prog. Mater. Sci. 93 (2018) 233–269, https://doi.org/10.1016/j. 
pmatsci.2017.12.001. 

[27] M. Zhou, H. Shi, C. Li, et al., Depolymerization and activation of alkali lignin by 
solid acid-catalyzed phenolation for preparation of lignin-based phenolic foams, 
Ind. Eng. Chem. Res. 59 (32) (2020) 14296–14305, https://doi.org/10.1021/acs. 
iecr.0c01753. 

[28] D. Parajuli, K. Inoue, K. Ohto, et al., Adsorption of heavy metals on crosslinked 
lignocatechol: a modified lignin gel, React. Funct. Polym. 62 (2) (2005) 129–139, 
https://doi.org/10.1016/j.reactfunctpolym.2004.11.003. 

[29] H. Lee, S.M. Dellatore, W.M. Miller, et al., Mussel-inspired surface chemistry for 
multifunctional coatings, Science 318 (5849) (2007) 426–430, https://doi.org/ 
10.1126/science.1147241. 

[30] P. Samyn, A platform for functionalization of cellulose, chitin/chitosan, alginate 
with polydopamine: a review on fundamentals and technical applications, Int. J. 

Z. Zhang et al.                                                                                                                                                                                                                                   

https://doi.org/10.1016/j.jwpe.2022.103334
https://doi.org/10.1016/j.jwpe.2022.103334
https://doi.org/10.1016/j.biortech.2019.121898
https://doi.org/10.1007/s11356-016-7373-y
https://doi.org/10.1007/s13762-020-02765-2
https://doi.org/10.1016/j.ijbiomac.2021.07.182
https://doi.org/10.1016/j.ijbiomac.2021.07.182
https://doi.org/10.1016/j.ijbiomac.2017.06.067
https://doi.org/10.1016/j.chemosphere.2020.128317
https://doi.org/10.1016/j.chemosphere.2020.128317
https://doi.org/10.1039/c8nj05016c
https://doi.org/10.1016/j.colsurfa.2020.125279
http://refhub.elsevier.com/S2214-7144(22)00778-4/rf202211130516088392
http://refhub.elsevier.com/S2214-7144(22)00778-4/rf202211130516088392
https://doi.org/10.1016/j.cej.2016.09.123
https://doi.org/10.3390/w12020352
https://doi.org/10.1016/j.electacta.2016.01.130
https://doi.org/10.1016/j.jhazmat.2010.04.060
https://doi.org/10.3390/ijms22010063
https://doi.org/10.3390/ijms22010063
https://doi.org/10.3390/molecules26092533
https://doi.org/10.3390/molecules26092533
http://refhub.elsevier.com/S2214-7144(22)00778-4/rf202211130533088594
https://doi.org/10.1016/j.btre.2014.12.011
https://doi.org/10.1016/j.jclepro.2020.121499
https://doi.org/10.1016/j.biortech.2018.09.139
https://doi.org/10.3390/ma12071111
https://doi.org/10.3390/ma12071111
https://doi.org/10.1007/s41061-018-0210-7
https://doi.org/10.1007/s41061-018-0210-7
https://doi.org/10.15376/biores.16.3.6363-6377
https://doi.org/10.15376/biores.16.3.6363-6377
https://doi.org/10.1166/jbmb.2009.1001
https://doi.org/10.1166/jbmb.2009.1001
https://doi.org/10.1007/s42247-021-00311-5
https://doi.org/10.1007/s42247-021-00311-5
https://doi.org/10.1016/j.ijadhadh.2019.102408
https://doi.org/10.1016/j.ijadhadh.2019.102408
https://doi.org/10.1016/j.pmatsci.2017.12.001
https://doi.org/10.1016/j.pmatsci.2017.12.001
https://doi.org/10.1021/acs.iecr.0c01753
https://doi.org/10.1021/acs.iecr.0c01753
https://doi.org/10.1016/j.reactfunctpolym.2004.11.003
https://doi.org/10.1126/science.1147241
https://doi.org/10.1126/science.1147241


Journal of Water Process Engineering 50 (2022) 103334

13

Biol. Macromol. 178 (2021) 71–93, https://doi.org/10.1016/j. 
ijbiomac.2021.02.091. 

[31] X. Zhang, Q. Huang, F. Deng, et al., Mussel-inspired fabrication of functional 
materials and their environmental applications: progress and prospects, Appl. 
Mater. Today 7 (2017) 222–238, https://doi.org/10.1016/j.apmt.2017.04.001. 

[32] K. Dong, Q. Liu, G. Wei, et al., Mussel-inspired magnetic adsorbent: adsorption/ 
reduction treatment for the toxic Cr(VI) from simulated wastewater, J. Appl. 
Polym. Sci. 135 (30) (2018), https://doi.org/10.1002/app.46530. 

[33] J. Saiz-Poseu, J. Mancebo-Aracil, F. Nador, et al., The chemistry behind catechol- 
based adhesion, Angew. Chem. Int. Ed. Engl. 58 (3) (2019) 696–714, https://doi. 
org/10.1002/anie.201801063. 

[34] Q. Ye, F. Zhou, W. Liu, Bioinspired catecholic chemistry for surface modification, 
Chem. Soc. Rev. 40 (7) (2011) 4244–4258, https://doi.org/10.1039/c1cs15026j. 

[35] S. Gao, G. Wei, Q. Liu, et al., Efficient removal of Congo red from pH-unregulated 
aqueous solutions by lignosulfonate-based polycatecholamine, J. Appl. Polym. Sci. 
137 (18) (2019), https://doi.org/10.1002/app.48640. 

[36] V. Ozhukil Kollath, M. Derakhshandeh, F.D. Mayer, et al., Fluorescent 
polycatecholamine nanostructures as a versatile probe for multiphase systems, RSC 
Adv. 8 (56) (2018) 31967–31971, https://doi.org/10.1039/c8ra05372c. 

[37] Y. Zhang, Q. Liu, W. Ma, et al., Insight into the synergistic adsorption-reduction 
character of chromium(VI) onto poly(pyrogallol-tetraethylene pentamine) 
microsphere in synthetic wastewater, J. Colloid Interface Sci. 609 (2022) 825–837, 
https://doi.org/10.1016/j.jcis.2021.11.086. 

[38] Y. Shang, G. Zhu, D. Yan, et al., Tannin cross-linked polyethyleneimine for highly 
efficient removal of hexavalent chromium, J. Taiwan Inst. Chem. Eng. 119 (2021) 
52–59, https://doi.org/10.1016/j.jtice.2021.02.009. 

[39] T. Hu, Q. Liu, Q. Liu, et al., Toxic cr removal from aqueous media using catechol- 
amine copolymer coating onto as-prepared cellulose, Carbohydr. Polym. 209 
(2019) 291–298, https://doi.org/10.1016/j.carbpol.2019.01.046. 

[40] E.J. Lee, N. Nomura, B.S. Patil, et al., Measurement of total phenolic content in 
wine using an automatic Folin-Ciocalteu assay method, Int. J. Food Sci. Technol. 
49 (11) (2014) 2364–2372, https://doi.org/10.1111/ijfs.12557. 

[41] Q. Liu, Q. Liu, W. Ma, et al., Comparisons of two chelating adsorbents prepared by 
different ways for chromium(VI) adsorption from aqueous solution, Colloids Surf. 
A Physicochem. Eng. Asp. 511 (2016) 8–16, https://doi.org/10.1016/j. 
colsurfa.2016.09.022. 

[42] L. Dong, R. Deng, H. Xiao, et al., Hierarchical polydopamine coated cellulose 
nanocrystal microstructures as efficient nanoadsorbents for removal of Cr(VI) ions, 
Cellulose 26 (11) (2019) 6401–6414, https://doi.org/10.1007/s10570-019-02529- 
3. 

[43] R. Fang, X. Cheng, X. Xu, Synthesis of lignin-base cationic flocculant and its 
application in removing anionic azo-dyes from simulated wastewater, Bioresour. 
Technol. 101 (19) (2010) 7323–7329, https://doi.org/10.1016/j. 
biortech.2010.04.094. 

[44] H. Mou, J. Huang, W. Li, et al., Study on the chemical modification of alkali lignin 
towards for cellulase adsorbent application, Int. J. Biol. Macromol. 149 (2020) 
794–800, https://doi.org/10.1016/j.ijbiomac.2020.01.229. 

[45] S. Gouveia, C. Fernandez-Costas, M.A. Sanroman, et al., Enzymatic polymerisation 
and effect of fractionation of dissolved lignin from Eucalyptus globulus Kraft 
liquor, Bioresour. Technol. 121 (2012) 131–138, https://doi.org/10.1016/j. 
biortech.2012.05.144. 

[46] J.-K. Xu, Y.-C. Sun, R.-C. Sun, Synergistic effects of ionic liquid plus alkaline 
pretreatments on eucalyptus: lignin structure and cellulose hydrolysis, Process 
Biochem. 50 (6) (2015) 955–965, https://doi.org/10.1016/j.procbio.2015.03.014. 

[47] J. Podschun, B. Saake, R. Lehnen, Reactivity enhancement of organosolv lignin by 
phenolation for improved bio-based thermosets, Eur. Polym. J. 67 (2015) 1–11, 
https://doi.org/10.1016/j.eurpolymj.2015.03.029. 

[48] W. Baker, 367. The condensation of catechol with acetone, J. Chem. Soc. (1934), 
https://doi.org/10.1039/jr9340001678. 

[49] W. Baker, D.M. Besly, 44. Condensation products of phenols and ketones. Part III. 
Hydroxyquinol, pyrogallol, and m- and p-cresols with acetone, J. Chem. Soc. 
(1939) 195–199. 

[50] W. Baker, D.M. Besly, 303. Condensation products of phenols and ketones. Part IV. 
o-Cresol with acetone, J. Chem. Soc. (1939) 1421–1424. 

[51] W. Zhang, H. Wang, X. Hu, et al., Multicavity triethylenetetramine-chitosan/ 
alginate composite beads for enhanced Cr(VI) removal, J. Clean. Prod. 231 (2019) 
733–745, https://doi.org/10.1016/j.jclepro.2019.05.219. 

[52] V. Nair, A. Panigrahy, R. Vinu, Development of novel chitosan–lignin composites 
for adsorption of dyes and metal ions from wastewater, Chem. Eng. J. 254 (2014) 
491–502, https://doi.org/10.1016/j.cej.2014.05.045. 

[53] M.J. Hidajat, A. Riaz, J. Park, et al., Depolymerization of concentrated sulfuric acid 
hydrolysis lignin to high-yield aromatic monomers in basic sub- and supercritical 
fluids, Chem. Eng. J. 317 (2017) 9–19, https://doi.org/10.1016/j.cej.2017.02.045. 

[54] A. Riaz, C.S. Kim, Y. Kim, et al., High-yield and high-calorific bio-oil production 
from concentrated sulfuric acid hydrolysis lignin in supercritical ethanol, Fuel 172 
(2016) 238–247, https://doi.org/10.1016/j.fuel.2015.12.051. 

[55] F. Liu, S. Hua, C. Wang, et al., Adsorption and reduction of Cr(VI) from aqueous 
solution using cost-effective caffeic acid functionalized corn starch, Chemosphere 
279 (2021), 130539, https://doi.org/10.1016/j.chemosphere.2021.130539. 

[56] Q. Zhang, Y. Li, Q. Yang, et al., Distinguished Cr(VI) capture with rapid and 
superior capability using polydopamine microsphere: behavior and mechanism, 
J. Hazard. Mater. 342 (2018) 732–740, https://doi.org/10.1016/j. 
jhazmat.2017.08.061. 

[57] S. Rajendran, A.K. Priya, P. Senthil Kumar, et al., A critical and recent 
developments on adsorption technique for removal of heavy metals from 
wastewater-a review, Chemosphere 303 (Pt 2) (2022), 135146, https://doi.org/ 
10.1016/j.chemosphere.2022.135146. 

[58] H. Shan, C. Zeng, C. Zhao, et al., Iron oxides decorated graphene oxide/chitosan 
composite beads for enhanced Cr(VI) removal from aqueous solution, Int. J. Biol. 
Macromol. 172 (2021) 197–209, https://doi.org/10.1016/j.ijbiomac.2021.01.060. 

[59] J. Wei, H. Hu, Y. Zhang, et al., In-situ synthesis of poly(m-phenylenediamine) on 
chitin bead for Cr(VI) removal, Water Sci. Technol. 82 (3) (2020) 492–502, 
https://doi.org/10.2166/wst.2020.351. 

[60] N. Farnad, K. Farhadi, N.H. Voelcker, Polydopamine nanoparticles as a new and 
highly selective biosorbent for the removal of copper (II) ions from aqueous 
solutions, Water Air Soil Pollut. 223 (6) (2012) 3535–3544, https://doi.org/ 
10.1007/s11270-012-1131-7. 

[61] K.R.J.I. Hall, E.C. Research, Pore- and solid-diffusion kinetics in fixed-bed 
absorption, Ind. Eng. Chem. Res. 5 (2) (1966) 212–223. 

[62] C. Yuan, Y. Zhang, J. Yao, et al., Facile synthesis of polyethylene glycol@tannin- 
amine microsphere towards Cr(VI)removal, Polymers (Basel) 13 (7) (2021), 
https://doi.org/10.3390/polym13071035. 

[63] M.A. Hubbe, S. Azizian, S. Douven, Implications of apparent pseudo-second-order 
adsorption kinetics onto cellulosic materials.A review, Bioresources (3) (2019) 
7582–7626. 

[64] H. Gu, S.B. Rapole, Y. Huang, et al., Synergistic interactions between multi-walled 
carbon nanotubes and toxic hexavalent chromium, J. Mater. Chem. A 1 (6) (2013) 
2011–2021, https://doi.org/10.1039/c2ta00550f. 

[65] P. Liu, W. Cai, J. Chen, et al., One-pot hydrothermal preparation of manganese- 
doped carbon microspheres for effective deep removal of hexavalent chromium 
from wastewater, J. Colloid Interface Sci. 599 (2021) 427–435, https://doi.org/ 
10.1016/j.jcis.2021.04.098. 

[66] X. Shi, Y. Qiao, X. An, et al., High-capacity adsorption of Cr(VI) by lignin-based 
composite: characterization, performance and mechanism, Int. J. Biol. Macromol. 
159 (2020) 839–849, https://doi.org/10.1016/j.ijbiomac.2020.05.130. 

[67] Z. Yan, T. Wu, G. Fang, et al., Self-assembly preparation of lignin-graphene oxide 
composite nanospheres for highly efficient Cr(vi) removal, RSC Adv. 11 (8) (2021) 
4713–4722, https://doi.org/10.1039/d0ra09190a. 

[68] Z. Wan, M. Li, Q. Zhang, et al., Concurrent reduction-adsorption of chromium using 
m-phenylenediamine-modified magnetic chitosan: kinetics, isotherm, and 
mechanism, Environ. Sci. Pollut. Res. Int. 25 (18) (2018) 17830–17841, https:// 
doi.org/10.1007/s11356-018-1941-2. 

[69] Y. Feng, H. Wang, J. Xu, et al., Fabrication of MXene/PEI functionalized sodium 
alginate aerogel and its excellent adsorption behavior for Cr(VI) and Congo Red 
from aqueous solution, J. Hazard. Mater. 416 (2021), 125777, https://doi.org/ 
10.1016/j.jhazmat.2021.125777. 

[70] Q. Liu, Q. Liu, B. Liu, et al., Green synthesis of tannin-hexamethylendiamine based 
adsorbents for efficient removal of Cr(VI), J. Hazard. Mater. 352 (2018) 27–35, 
https://doi.org/10.1016/j.jhazmat.2018.02.040. 

[71] A.M. Omer, R.E. Khalifa, Z. Hu, et al., Fabrication of tetraethylenepentamine 
functionalized alginate beads for adsorptive removal of cr (VI) from aqueous 
solutions, Int. J. Biol. Macromol. 125 (2019) 1221–1231, https://doi.org/10.1016/ 
j.ijbiomac.2018.09.097. 

[72] X.P. Yao, Z.J. Fu, Y.G. Zhao, et al., Use of tetraethylenepentamine-functional 
Fe3O4 magnetic polymers for matrix solid phase dispersion extraction and 
preconcentration of Cr(VI) in water samples at ultratrace levels, Talanta 97 (2012) 
124–130, https://doi.org/10.1016/j.talanta.2012.04.006. 

[73] X. Jin, Y. Liu, J. Tan, et al., Removal of Cr(VI) from aqueous solutions via reduction 
and absorption by green synthesized iron nanoparticles, J. Clean. Prod. 176 (2018) 
929–936, https://doi.org/10.1016/j.jclepro.2017.12.026. 

[74] C. Lin, W. Luo, T. Luo, et al., A study on adsorption of Cr (VI) by modified rice 
straw: characteristics, performances and mechanism, J. Clean. Prod. 196 (2018) 
626–634, https://doi.org/10.1016/j.jclepro.2018.05.279. 

Z. Zhang et al.                                                                                                                                                                                                                                   

https://doi.org/10.1016/j.ijbiomac.2021.02.091
https://doi.org/10.1016/j.ijbiomac.2021.02.091
https://doi.org/10.1016/j.apmt.2017.04.001
https://doi.org/10.1002/app.46530
https://doi.org/10.1002/anie.201801063
https://doi.org/10.1002/anie.201801063
https://doi.org/10.1039/c1cs15026j
https://doi.org/10.1002/app.48640
https://doi.org/10.1039/c8ra05372c
https://doi.org/10.1016/j.jcis.2021.11.086
https://doi.org/10.1016/j.jtice.2021.02.009
https://doi.org/10.1016/j.carbpol.2019.01.046
https://doi.org/10.1111/ijfs.12557
https://doi.org/10.1016/j.colsurfa.2016.09.022
https://doi.org/10.1016/j.colsurfa.2016.09.022
https://doi.org/10.1007/s10570-019-02529-3
https://doi.org/10.1007/s10570-019-02529-3
https://doi.org/10.1016/j.biortech.2010.04.094
https://doi.org/10.1016/j.biortech.2010.04.094
https://doi.org/10.1016/j.ijbiomac.2020.01.229
https://doi.org/10.1016/j.biortech.2012.05.144
https://doi.org/10.1016/j.biortech.2012.05.144
https://doi.org/10.1016/j.procbio.2015.03.014
https://doi.org/10.1016/j.eurpolymj.2015.03.029
https://doi.org/10.1039/jr9340001678
http://refhub.elsevier.com/S2214-7144(22)00778-4/rf202211130532150783
http://refhub.elsevier.com/S2214-7144(22)00778-4/rf202211130532150783
http://refhub.elsevier.com/S2214-7144(22)00778-4/rf202211130532150783
http://refhub.elsevier.com/S2214-7144(22)00778-4/rf202211130515355073
http://refhub.elsevier.com/S2214-7144(22)00778-4/rf202211130515355073
https://doi.org/10.1016/j.jclepro.2019.05.219
https://doi.org/10.1016/j.cej.2014.05.045
https://doi.org/10.1016/j.cej.2017.02.045
https://doi.org/10.1016/j.fuel.2015.12.051
https://doi.org/10.1016/j.chemosphere.2021.130539
https://doi.org/10.1016/j.jhazmat.2017.08.061
https://doi.org/10.1016/j.jhazmat.2017.08.061
https://doi.org/10.1016/j.chemosphere.2022.135146
https://doi.org/10.1016/j.chemosphere.2022.135146
https://doi.org/10.1016/j.ijbiomac.2021.01.060
https://doi.org/10.2166/wst.2020.351
https://doi.org/10.1007/s11270-012-1131-7
https://doi.org/10.1007/s11270-012-1131-7
http://refhub.elsevier.com/S2214-7144(22)00778-4/rf202211130515396105
http://refhub.elsevier.com/S2214-7144(22)00778-4/rf202211130515396105
https://doi.org/10.3390/polym13071035
http://refhub.elsevier.com/S2214-7144(22)00778-4/rf202211130515558224
http://refhub.elsevier.com/S2214-7144(22)00778-4/rf202211130515558224
http://refhub.elsevier.com/S2214-7144(22)00778-4/rf202211130515558224
https://doi.org/10.1039/c2ta00550f
https://doi.org/10.1016/j.jcis.2021.04.098
https://doi.org/10.1016/j.jcis.2021.04.098
https://doi.org/10.1016/j.ijbiomac.2020.05.130
https://doi.org/10.1039/d0ra09190a
https://doi.org/10.1007/s11356-018-1941-2
https://doi.org/10.1007/s11356-018-1941-2
https://doi.org/10.1016/j.jhazmat.2021.125777
https://doi.org/10.1016/j.jhazmat.2021.125777
https://doi.org/10.1016/j.jhazmat.2018.02.040
https://doi.org/10.1016/j.ijbiomac.2018.09.097
https://doi.org/10.1016/j.ijbiomac.2018.09.097
https://doi.org/10.1016/j.talanta.2012.04.006
https://doi.org/10.1016/j.jclepro.2017.12.026
https://doi.org/10.1016/j.jclepro.2018.05.279

	Phenolation of lignin for polycatecholamines to remove Cr (VI)
	1 Introduction
	2 Experimental section
	2.1 Materials
	2.2 Preparation
	2.2.1 Preparation of PAL
	2.2.2 Preparation of PAL-TEPA

	2.3 Physicochemical characteristics
	2.4 Determination of phenolic hydroxyl by Folin–Ciocalteu method
	2.4.1 Preparation of phenol solution
	2.4.2 Determination of phenol working curve
	2.4.3 Determination of phenol content in PAL

	2.5 Batch adsorption experiments

	3 Results and discussion
	3.1 SEM-EDX analysis
	3.2 FT-IR and 1H NMR analysis
	3.3 2D-HSQC NMR analysis
	3.4 TG analysis
	3.5 Examination of phenolation conditions
	3.6 Effects of Cr (VI) initial ion concentrations
	3.7 Effect of environment temperature
	3.8 Effect of initial pH and adsorption dose
	3.9 Effects of contact time
	3.10 Adsorption isotherm analysis
	3.11 Adsorption kinetic analysis
	3.12 Comparison of Cr (VI) absorptivity with others
	3.13 XPS analysis
	3.14 Adsorption of other heavy metal ions

	4 Conclusions
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


