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In this work, a novel alkali lignin-based adsorption material, alkali lignin-based poly(tetraethylene
pentamine-pyrogallol) (AL-PTAP), was prepared using a Mannich reaction and catechol-amine reaction
for removal of Cr(vi). It was characterized by thermogravimetric analysis (TGA), scanning electron
microscopy (SEM), spectroscopy (FT-IR) and X-ray photoelectron
spectroscopy (XPS). The effects of tetraethylene pentamine (TEPA) dosage, pyrogallol (PL) dosage,

Fourier transform infrared

contact time, pH, temperature and other factors on the adsorption behavior of the adsorbent were
systematically investigated. These experimental data show that the adsorption behavior conforms to the
pseudo-second-order kinetic model and the Langmuir isotherm model. The maximum adsorption

capacity is 769.2 mg g~* at 303 K, which is much higher than that of alkali lignin (AL). AL-PTAP can

Received 10th November 2022 achieve a removal rate of almost 100% for Cr(vi) solutions with a concentration of less than 90 mg L™ at

Accepted 21st December 2022
1 min. Furthermore, the toxic Cr(vi) is partly reduced to nontoxic Cr(i) during the adsorption process.

DOI: 10.1039/d2ra07143f Therefore, AL-PTAP is a fast and efficient alkali lignin-based adsorbent, which is expected to improve the
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1. Introduction

Nowadays, water availability is a function of social, economic,
environmental and political factors."”> However, the pollution of
water by heavy metals is increasingly serious, posing a threat to
environmental safety and human health.** Among a large
number of highly toxic metals, chromium is one of the most
harmful metals, which comes from industrial processes such as
steel making, leather tanning, metal coating, and plastics.>® In
water environment, chromium exists mainly in the form of
trivalent Cr(m), which plays an important role in regulating
glucose metabolism in the human body and hexavalent Cr(vi),
which can cause serious harm to the human body and the
environment.”® The Cr(vi) ions in industrial wastewater are
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utilization value of alkali lignin in Cr(vi) wastewater treatment.

listed as the most carcinogenic substances by the International
Agency for Research and the development of promising water
purification technologies to deal with Cr(vi) ion contamination
has attracted great attention.>'® Various methods have been
used to solve the problem of Cr(vi) pollution, such as chemical
precipitation, photoreduction," ion exchange,”” adsorption,®
electrochemistry,” membrane filtration™ and other methods.
Among them, the adsorption method is considered to be an
economical, environmentally friendly, simple and efficient
method, which has a wide range of applications.*

Oxygen- and nitrogen-containing functional groups are the
main adsorption groups in the adsorption process of Cr(vi) and
the electrostatic adsorption of acid-based anions by protonated
amino groups under acidic conditions enhance the adsorption
capacity for Cr(vi)."* Polydopamine is formed by self-
polymerization of dopamine in Tris buffer (pH = 8.5), which
is rich in hydroxyl and amino groups and has good adsorption
capacity for heavy metal ions."” Inspired by the polymerization
of dopamine, the poly(catechol-amine) (PCA) material, which
contains abundant amino groups and hydroxyl groups, is easy
to prepare, inexpensive and has good adsorption properties for
Cr(vi). For example, Liu et al'® prepared poly(tannin-
hexamethylenediamine) by catechol-amine reaction using
tannic acid and hexamethylenediamine in alkaline solution,
and the adsorption capacity of Cr(vi) could reach 283.29 mg g™ .
The poly(catechol-amine) (PCA) material, which contains
abundant amino groups and hydroxyl groups, is easy to prepare,
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inexpensive and has good adsorption properties for Cr(vi).
Therefore, PCA materials were used to modify alkali lignin in
this work.

Due to the consumption of traditional fossil energy and
environmental pollution, more and more biomass materials are
being used in various fields.'**?* And lignin, which is the
second most abundant biomass in nature, is one famous of
these biomass materials. For example, Trano et al.>* designed
a lignin base membrane by cross-linking a pre-oxidized Kraft
lignin matrix with an ethoxylated difunctional oligomer. This
self-standing membranes are incorporate solvated potassium
salts to utilize in potassium batteries with remarkable electro-
chemical properties. Goretti et al.>* developed a flexible portable
pressure sensor based on polyaniline (PANI)/lignin/acrylate
photopolymer. Carlos et al.** proposed a novel biobased poly-
urethane (PU) coating with high lignin content which can be
used as a high-performance bio-based material to replace
traditional petroleum-based platforms. Tan et al.>® synthesized
biodegradable aerogel for Cr(vi) adsorption using pineapple
leaves (PLs) and chitosan (CS) as raw materials with maximum
absorption amount of 210.6-211.4 mg g '. Albadarin et al.?®
used alkali lignin to remove Cr(vi) with a maximum adsorption
capacity of 31.6 mg g~ '. Song et al.”” prepared a magnetic lignin
composite with an equilibrium adsorption capacity of 123.0 mg
g~ '. In the past few decades, lignin has received extensive
attention as adsorbent to remove Cr(vi) ions from water.**
However, these lignins and their derivatives have low adsorp-
tion performance. Therefore, it is of great significance to
develop a lignin-based adsorbent with excellent adsorption
capacity for Cr(vi).

Alkali lignin-based poly(tetraethylene pentamine-pyrogallol)
(AL-PTAP) was prepared by reacting TEPA and formaldehyde
with AL through Mannich reaction, then linking pyrogallol
through catechol-amine reaction. The effects of various factors
on the adsorption performance of the adsorbent were explored
and the adsorption kinetics and isotherms were also investi-
gated. The structure, thermal stability and adsorption proper-
ties of the materials were analyzed by SEM, TGA, UV, XPS and
other characterization methods.

2. Experimental section

2.1. Chemicals

Alkali lignin was purchased from Energy Chemical (Shanghai,
China). 95% tetraethylenepentamine solution, 37% formalde-
hyde aqueous solution, pyrogallol and potassium dichromate
were supported by Macklin (Shanghai, China). Hydrochloric
acid and sodium hydroxide were obtained from HengXing
Chemical Reagent (Tianjin, China). 1,5-Diphenylcarbazide was
purchased from Sinopharm Chemical Reagent Co. (Shanghai.
China). Deionized water was used throughout the work (DW)
(18.25 MV cm).

2.2. Preparation of AL-PTAP

The AL-PTAP was prepared by adjusting the ratio of the reac-
tants, taking the AL-PTAP prepared under the condition that the
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TEPA/AL mass ratio was 0.8 : 1 and the TEPA/PL molar ratio was
2.5:1 as an example. 1.25 g of AL were dissolved in 100 mL of
deionized water to form an alkali lignin solution. 1 g of TEPA
was added, then the pH of the mixture was adjusted to 11.
Formaldehyde was added dropwise and the mixture was stirred
at 82 °C for 5 h. Then, it was cooled to room temperature and
1.66 g of PL were added to the mixture. This was further stirred
for 72 h, then centrifuged and washed, and the samples were
obtained by freeze-drying. Without other statement, AL-PTAP is
that prepared under this condition (TEPA/AL mass ratio is 0.8 :
1, TEPA/PL molar ratio is 2.5 : 1). The preparation process of AL-
PTAP and its possible reaction mechanism are shown in Fig. 1.

2.3. Characterizations

The surface morphology of the adsorbent was observed by
scanning electron microscopy (SEM-EDX, ZEISS-Sigma 300,
Germany). Fourier transform infrared spectrometer (FTIR,
NICOLET iS10, USA) was used to record the specific functional
groups of the adsorbent before and after adsorption. The
thermal properties of the adsorbents before and after adsorp-
tion were tested by thermogravimetric analysis (TGA, Mettler
Toledo, Switzerland). The elemental composition of the adsor-
bent was characterized by elemental analysis (EA, Elementar
UNICUBE, Germany). The elemental composition of the
adsorbent before and after adsorption was analyzed by X-ray
photoelectron spectroscopy (XPS, ESCALAB Xi+, USA). The
optical absorption of Cr(vi) solution was measured at a wave-
length of 540 nm using an ultraviolet spectrophotometer (UV-
2550, Shimadzu, Japan). BET specific surface area (Sggr) and
Barrett-Joyner-Halenda (BJH) pore volumes (Vgjy) were deter-
mined by BET specific surface area analyzer (BET, ASAP2460,
USA).

2.4. Batch adsorption experiments

The influence of various factors on the adsorption behavior of
the adsorbent was explored by the controlled variable method,
including the amount of tetraethylene pentamine, the amount
of pyrogallol, the contact time (0-36 h), the initial concentration
of Cr(vi) solution (90-320 mg L"), the temperature (293.15-
313.15 K), the initial pH (2-7), the adsorbent dosage (15-55 mg).
First, K,Cr,0, was dissolved in DW to prepare a Cr(vi) solution
with a concentration of 2000 mg L™ ", then this solution was
diluted to different concentrations of Cr(vi) solution. The pH of
the Cr(vi) solution was adjusted by NaOH (1 mol L") or HCI
(1 mol L™"). A certain amount of adsorbent and 100 mL of Cr(vi)
solution were added to a 150 mL Erlenmeyer flask, which was
then placed into a constant-speed (200 rpm) constant temper-
ature shaker for shaking. After shaking, 1 mL of supernatant
was collected by centrifugation and its concentration was
analyzed by the 1,5-diphenylcarbazide method** at 540 nm
using an ultraviolet spectrophotometer. All the data were ob-
tained by averaging the average of three repeated experiments.

The adsorption capacity and removal rate of Cr(vi) by AL-
PTAP can be estimated by the following equations

0. = (Co — C)Vim (1)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic diagram of preparation process of AL-PTAP and possible reaction mechanism.

0, =(Co — CYVim (2)
R% = (Cy — C)ICy x 100% 3)

where Q. (mg g ') and Q, (mg g ") are the adsorption capacity of
the adsorbent at adsorption equilibrium and the adsorption
capacity at any time, respectively. C, (mg L™") and C. (mg L)
are the initial and equilibrium concentrations of the Cr(vi)
solution, respectively, and C; (mg L") is the concentration of
the Cr(vi) solution at any time. m (g) and V (L) are the mass of AL-
PTAP and the volume of Cr(vi) solution, respectively. R (%) is the
removal rate.

3. Results and discussion

3.1. Characterization of AL-PTAP

The surface morphologies of AL and AL-PTAP were studied
using SEM and shown in Fig. 2. AL is a large particle size with
irregular structure (in Fig. 2a). Its surface is smooth. Compared
with AL, the shape of AL-PTAP (in Fig. 2c) was significantly
changed, its size was reduced. It appears as a particle cluster
made up of aggregates of nano-sized particles. These spherical
particles give the adsorbent a large specific surface area, which
may increase the adsorption capacity of the material for heavy
metal ions. These changes in morphology of AL and AL-PTAP
may indicate that the alkali lignin was dissolved and recon-
stituted during the reaction.

© 2023 The Author(s). Published by the Royal Society of Chemistry

The SEM and EDS spectra of AL-PTAP before and after
adsorption of Cr(vi) are shown in Fig. 2e and S1.f Compared
with the image of AL-PTAP before adsorption Cr(vi), the pres-
ence of chromium element in the image after adsorption Cr(vi)
indicated that AL-PTAP successfully adsorbed Cr(vi). Moreover,
the surface morphology of AL-PTAP did not change significantly
after adsorption of Cr(vi).

Table 1 summarizes the BET specific surface area (Sggr) and
Barrett-Joyner-Halenda (BJH) pore volumes (Vg) of AL and AL-
PTAP. These results show that Sgpr and Vg of AI-PTAP are
larger than those of AL which are proved in SEM images.
Besides, the mesoporosity of AI-PTAP were confirmed by pore
size distribution analysis (in Fig. S31). These will provide more
adsorption sites and increase the contact area between AL-PTAP
and Cr(vi) to increase the adsorption property.

The FT-IR spectra of AL and AL-PTAP are shown in Fig. 3a.
The peaks at 2935 cm ™" and 2850 cm™ ' correspond to the C-H
stretching vibrations of methyl and methylene in alkali lignin.**
The peak at 1126 cm ™" is assigned to the C-O-C bond in alkali
lignin.*> The peak at 1039 cm ™" is attributed to aromatic C-N
vibrations in alkaline lignin.*®* These characteristic peaks of
lignin can be observed in both AL and AL-PTAP, which indicated
that AL was successfully introduced into AL-PTAP. Compared
with AL, new peaks in AL-PTAP are appeared at 1616 cm * and
1240 ecm™ ', which can be attributed to N-H and C-N, respec-
tively.**** This indicates that AL has been aminated. The above
results indicate the successful preparation of AL-PTAP.

RSC Adv, 2023, 13,1627-1639 | 1629
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Fig. 2

Table 1 Surface area and pore volume of AL and AL-PTAP

BET surface area BJH pore volume

Sample (m*>g™) (em® g™
AL 0.4924 0.000768
AL-PTAP 13.1338 0.046025

As it can be seen in Fig. 3b, after the adsorption of chromium
on AL-PTAP, some IR peaks changed. The peak at 541 cm™" in
used AL-PTAP was attributed to Cr=0 vibration, the peaks at
919 cm ™' and 821 cm ™' were caused by the phenolic hydroxyl
groups interacting with Cr(vi). These results indicate that Cr(vi)
was successfully adsorbed by AL-PTAP.

As shown in Fig. 3c, thermogravimetric analysis was used to
characterize the thermal stability of the AL-PTAP, AL and PTAP
under an air atmosphere. The thermogravimetric curves of AL
and AL-PTAP are obviously different. The AL undergoes a water
weight loss until 120 °C and two weight losses from 250 °C to
650 °C and 650 °C to 800 °C, with a residual rate of about 51%.
AL-PTAP undergoes a water weight loss until 120 °C and has
a large weight loss at 250 °C to 550 °C with a residual rate close
to 0%. This is due to the reaction of AL with TEPA, which
reduces intermolecular interactions.

1630 | RSC Adv, 2023, 13, 1627-1639

(a and b) SEM images of alkali lignin; (c and d) SEM images of AL-PTAP; (e) EDS mappings of AL-PTAP after adsorption.

The thermogravimetric curves of AL-PTAP before and after
removal of Cr(vi) are shown in Fig. 3d. The weight loss rate of the
curves before and after the removal of Cr(vi) by AL-PTAP is quite
different, which indicates that a large amount of Cr(vi) are
loaded on the adsorbent, the adsorbent has a higher adsorption
capacity for Cr(vi). Compared with the curve of fresh AL-PTAP,
the decomposition rate of the used AL-PTAP curve is faster, it
drops rapidly at 260 °C and its complete decomposition
temperature appears at 430 °C. The possible reason is that the
m-1 stacking and hydrogen bonds inside the adsorbent are
weakened after adsorption, the intermolecular interaction force
is reduced and the thermal stability of the used adsorbent is
reduced.

3.2. Effect of ratio of TEPA/AL and TEPA/PL on adsorption
capacity of adsorbent

In order to obtain adsorbents with higher adsorption capacity
by controlling the input amount of reactants, the effects of
TEPA/AL and TEPA/PL ratios on the adsorption capacity of
adsorbents were investigated under the condition of constant
formaldehyde dosage.

Fig. 4a shows the effect of the mass ratio of TEPA/AL in the
preparation process on the adsorption amount. It can be seen

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Effect of TEPA/AL ratio on elemental content of adsorbents

TEPA/AL (g g7 %) 0:1 0.24:1 0.4:1 0.8:1 1:1

N content (%) 0.63 9.1 10.8 11.01

that the adsorption amount of AL is about 200 mg g~ *, which is
much smaller than that of AL-PTAP. As the amount of TEPA is
raised, the adsorption capacity gradually increases. When the
TEPA/AL ratio is 1:1, the adsorption amount reaches 776.4 mg
g~ '. This may be caused by the change in the number of amino
groups (-NH-) due to the change in TEPA dosage. As it can be
seen from Table 2, the N content of AL-PTAP was higher than
that of AL, which indicates the successful introduction of TEPA.
The N content increases following the increase of TEPA dosage.
Therefore, it can be speculated that the increase in the amount
of TEPA means that more TEPA is linked into AL-PTAP and the
amount of amino groups (-NH-) in AL-PTAP increases. Besides,
this means that the number of amino groups (-NH-) in the
adsorbent plays an important role in the removal Cr(vi). When
the mass ratio of TEPA/AL is 0.8:1 and 1: 1, the difference in
adsorption capacity is not much. Therefore, in order to reduce
TEPA consumption and maintain large adsorption amount of
AL-PTAP, the adsorbent was prepared when the mass ratio of
TEPA/AL was 0.8 : 1.

Fig. 4b shows the adsorption performance of AL-PTAP with
different TEPA/PL molar ratios prepared under the same
conditions. It can be seen that the adsorption capacity of the
adsorbent for Cr(vi) increases gradually with the increase of the
PL ratio. When the ratio is 1: 3.5, the adsorption amount rea-
ches 774.4 mg ¢~ '. This could be caused by the change in the
number of hydroxyl groups (-OH) due to the change in the PL
dosage. From Table 3, it can be seen that the N content
decreases and the atomic ratio of O: N increases when the PL
dosage increases. Therefore, it can be speculated that when the
dosage of PL increases, more PL reacts with the aminated lignin
and the number of hydroxyl groups (-OH) in the adsorbent
increases. It can be speculated that the adsorption performance
of the adsorbent for Cr(vi) increases when the number of
hydroxyl groups (-OH) in the adsorbent increases. When the
molar ratio of TEPA/AL is 1:2.5, 3:1, 3.5:1, the difference in
adsorption capacity is small. In order to make AL-PTAP have
high adsorption capacity while reducing PL consumption, the
TEPA/PL molar ratio of 2.5:1 was chosen to prepare the
adsorbent.

According to the above analysis, it can be inferred that both
the amino group (-NH-) and the phenolic hydroxyl group (-OH)
play a role in the adsorption process of Cr(vi), and the

Table 3 Effect of TEPA/PL ratio on elemental content of adsorbents

TEPA/PL (n/n) 1:1 1.5:1 2:1 2.5:1 3:1 3.5:1

12.49
2.06

11.67
2.51

10.8
2.53

10.73
2.61

10.54
2.67

N content (%)  13.29
O:N 1.9

1632 | RSC Adv, 2023, 13, 1627-1639
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adsorption performance of AL-PTAP increases when the
number of these two groups increases.

3.3. Effect of contact time

The effect of contact time on the adsorption capacity of Cr(vi) is
shown in Fig. 5a. The adsorption capacity of AL-PTAP for Cr(vi)
can reach 456 mg g~ ' at 5 min. This indicates that AL-PTAP can
adsorb Cr(vi) in a large amount in a short time. This may be
owed to that AL-PTAP has a large number of active sites in the
initial stage, which have a high affinity for Cr(vi) and rapidly
interact with Cr(vi). The growth rate of Q, slowed down with
time, which was due to the depletion of active sites in AL-PTAP
and the interaction of AL-PTAP with Cr(vi). After 24 h, the
adsorption capacity of Cr(vi) (703.2 mg g ') approached
a constant value and reached the adsorption equilibrium.

To reveal the fast adsorption performance of AL-PTAP,
different concentrations of Cr(vi) were adsorbed within 30 min
(in Fig. 5b). The removal rate can reach almost 100% in 1 min
when the Cr(vi) concentrations less than 90 mg L™, At 30 min,
the removal rate of Cr(vi) with a concentration of 115 mg L' can
reach 94.2% and the removal rate of Cr(vi) with a concentration
of 200 mg L' can reach 72.1%. This excellent fast adsorption
performance is attributed to the following synergistic effects: (1)
AL-PTAP has a large number of active sites and these active sites
quickly contact with Cr(vi) in a short time to achieve the effect of
rapid adsorption of Cr(vi), (2) the spherical particle cluster
structure of AL-PTAP makes it have a larger specific surface area,
which increases the contact area of Cr(vi). In summary, AL-PTAP
has great potential for ultrafast adsorption of Cr(vi).

3.4. Effect of Cr(vi) initial concentration

Fig. 6a shows the adsorption performance of AL-PTAP at
different initial concentrations of Cr(vi). When the initial
concentration of Cr(vi) was lower than 140 mg L™, the removal
rate of Cr(vi) was close to 100%. When the initial concentration
of Cr(vi) increased, the removal rate of Cr(vi) by AL-PTAP
decreased and the increasing trend of adsorption capacity
gradually became gentle, and the maximum adsorption
capacity could reach 762.8 mg g '. This may be due to the
limited active sites of AL-PTAP, which cannot provide enough
active sites for the increased Cr(vi), resulting in a lower removal
rate. The active sites of AL-PTAP were gradually occupied by
sufficient Cr(vi) and AL-PTAP gradually reached the saturated
adsorption state, resulting in a gradual increase in the adsorp-
tion capacity. AL-PTAP shows high removal efficiency for Cr(vi),
adsorption amount about 560 mg g~ * with removal percentage
nearly 100%, maximum adsorption capacity reaching 762.8 mg
g ', which facilitates the application of this adsorbent in
practical industrial pollution control.

3.5. Effect of initial pH

As shown in Fig. 6b, the initial pH of the Cr(vi) solution strongly
affected the removal of Cr(vi) by AL-PTAP. The adsorption
capacity reached the maximum value at pH = 2 and it decreased
when the pH value increased. This is owed to that the initial pH
of the Cr(vi) solution can affect the chemical species of Cr(vi)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Effect of (a) initial Cr(vi) concentration (condition: dose 0.025 g, initial Cr(v) = 0-325 mg L™, pH = 2, 303.15 K, 24 h), (b) pH (condition:
dose 0.025 g, initial Cr(vi) = 280 mg L™, pH = 2-7, 303.15 K, 24 h), (c) adsorbent dose (condition: dose 0.015-0.055 g, initial Cr(v) = 280 mg L%,
pH =2, 303.15K, 24 h), (d) temperature (condition: dose 0.025 g, initial Cr(vi) = 280 mg L™, pH = 2, 293.15-313.15 K, 24 h) on Cr(v)) adsorption by
AL-PTAP.
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Cr(v) solution increased, the degree of protonation of -NH-
groups decreased, resulting in a decrease in adsorption
capacity. Therefore, the adsorption experiments were carried
out under the condition of pH = 2.

3.6. Effect of adsorbent dose

Fig. 6¢c shows the effect of the initial dosage of adsorbent on the
adsorption performance of AL-PTAP. The results showed that,
with the increase of adsorbent dosage, the removal percentage
increased. When the adsorbent dosage is 45 mg or 55 mg, the
removal rate is close to 100%, which indicates that almost all
Cr(vi) ions in the simulated wastewater have been removed.
However, when the amount of adsorbent is too large, AL-PTAP
does not reach its maximum saturated adsorption capacity
and, if the amount of adsorbent is too high, active sites will not
be utilized. The adsorption capacity decreases as the adsorbent
dosage increases. This is because the ratio of active sites/Cr(vi)
ions increases as the adsorbent dosage increases, the utilization
decreases caused by too many active sites and the adsorption
capacity per unit mass of adsorbent AL-PTAP decreases.
Therefore, in order to make the adsorption process have a high
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adsorption capacity and a high removal rate, the optimal dosage
for removing Cr(vi) is 25 mg.

3.7. Effect of temperature

As shown in Fig. 6d, the adsorption capacity of AL-PTAP for
Cr(vi) increased with increasing temperature. Elevated temper-
ature can increase the diffusion rate of metal ions, increase the
collision probability between active sites and Cr(vi), promote the
effective binding of active sites to Cr(vi). These factors will
increase the utilization of active sites in AL-PTAP and increase
the adsorption capacity. The adsorption thermodynamic
parameters are calculated and shown in Fig. S2 and Table S17
(AG < 0, AH > 0). The above results indicate that the adsorption
process is spontaneous and endothermic in nature, where the
adsorption of Cr(vi) on AL-PTAP is mainly chemical adsorption.
AL-PTAP can maintain a high adsorption capacity for Cr(vi) in
the temperature range of 293.15-313.15 K.

3.8. Adsorption kinetic models

Adsorption kinetics is an important aspect to analyze the
adsorption process and mechanism. In order to study the

b
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Fig. 7 (a) Pseudo-first-order kinetic model, (b) pseudo-second-order kinetic model, (c) Langmuir model, (d) Freundlich model of Cr(vi) removal
by AL-PTAP.
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adsorption kinetics mechanism, the experimental data were
fitted and analyzed based on the pseudo-first-order kinetic
model and the pseudo-second-order kinetic model. The math-
ematical expressions of the pseudo-first-order and pseudo-
second-order dynamic models are expressed as follows,
respectively:

Pseudo-first-order kinetic model:*

log(Q. — Q) = log Q. — k,/2.303 (4)
Pseudo-second-order kinetic model:*
t/Qt = 1/(k2Qez) + [/Qe (5)

where Q. (mg g ') and Q, (mg g™ ) are the adsorption capacities
of Cr(v1) at equilibrium and at time ¢, respectively. k; (h™*) and k,
(g mg~" h™") are pseudo-first-order kinetic rate constants and
pseudo-second-order kinetic rate constants, respectively.

The data fitting results are shown in Fig. 7a and b and Table
3. It can be found that the correlation coefficient (R* = 0.9987)
of the pseudo-second-order model is higher than that of the
pseudo-first-order model (R*> = 0.84241), while the Q. value
(714.3 mg g~ ') calculated by the pseudo-second-order model is
close to the experimental date. Therefore, the pseudo-second-
order model is more suitable to describe the adsorption of
Cr(vi) on AL-PTAP. These results suggest that chemisorption is
the rate-limiting step in the pseudo-second-order model.

3.9. Adsorption isotherm models

The adsorption isotherm model describes the relationship
between the adsorption amount Q. of Cr(vi) by AL-PTAP at
constant temperature and the residual concentration C. at
equilibrium. The isotherm adsorption model is of great signif-
icance for exploring the isotherm adsorption process and the
adsorption mechanism of Cr(vi) on AL-PTAP. The Langmuir and
Freundlich isotherm models were applied to fit the experi-
mental data. Among them, the Langmuir model assumes that
adsorption may only occur on a fixed number of local sites on
the surface, all adsorption sites on these sites are identical and
energy equivalent, and the adsorption process is a monolayer
adsorption mechanism.*® The Freundlich model assumes that
the energy of the adsorbent surface and active site is not
uniform.** The linear expressions of the Langmuir model and
the Freundlich model are as follows:
Langmuir isotherm model:
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C. 1 N C, (©)
QC KLQm Qm
Freundlich isotherm model:
1
log Q. = log K¢ + " log C, (7)

where C, (mg L") is the concentration of Cr(vi) in the solution
at equilibrium. Q, (mg g ') and Q. (mg g™ ') are the maximum
adsorption capacity and equilibrium adsorption capacity,
respectively. K;, is the Langmuir adsorption equilibrium
constant related to binding site affinity. Ky is the Freundlich
constant related to the adsorption capacity.

The fitting results of the two isotherm models are shown in
Fig. 7c and d and Table 4. The correlation coefficient of the
Langmuir model (R*> = 0.9976) was better than that of the
Freundlich model (R* = 0.984) and the equilibrium adsorption
capacity (769.2 mg g ') calculated by the Langmuir model was
closer to the experimental data. This indicates that the Lang-
muir model can better fit the adsorption process of Cr(vi) by AL-
PTAP and it also indicates that the adsorption process is
monolayer adsorption.

3.10. Adsorption mechanism analysis

To further study the adsorption behavior of Cr(vi) on AL-PTAP,
X-ray photoelectron spectroscopy (XPS) was used to analyze
the basic composition of AL-PTAP adsorbent before and after
Cr(vi) removal. As it can be seen in Fig. 8a, a Cr 2p peak was
observed in the used AL-PTAP, proving that chromium was
successfully loaded into AL-PTAP. As it can be seen in Fig. 8b,
the spectrum of Cr 2p includes two main peaks with binding
energies of 577.5 and 587.3 eV, corresponding to the Cr 2pz.
transition and the Cr 2p,,, transition, respectively. The Cr 2p
spectrum was subjected to peak analysis. Among them, the two
larger peaks with binding energies of 577.3 and 587.1 eV
correspond to the characteristic peaks of Cr(ur),”* while the two
smaller peaks with binding energies of 588.9 and 579.5 eV are
attributed to Cr(vi).** Part of Cr(vi) was reduced to less toxic
Cr(m), Cr(m) and Cr(vi) coexisted on the surface of AL-PTAP after
adsorption.

Fig. 8c shows the fine spectra of N 1s in AL-PTAP before and
after Cr(vi) adsorption. The peak of fresh AL-PTAP can be
attributed to -NH- (399.8 eV) and C-N (399.0 eV).* The peak of
used AL-PTAP shifted to left that can be attributed to -NH, -

Table 4 Parameters of the adsorption kinetic and isotherm models on adsorption of Cr(vi) ions by AL-PTAP

Models Parameters

Pseudo-first-order kinetic model K, (h™) Qe (mgg™) R’
0.1369 192.4 0.84241

Pseudo-second-order kinetic K, (gmg ' h™) Q. (mgg™) R

model 0.00398 714.3 0.9987

Langmuir isotherm model Ky, (L mg™) Om (mg g™ R
0.3342 769.2 0.9976

Freundlich isotherm model Kp (mg g7 )/(mg L) 1/n R?
483.5 0.09207 0.9824

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(401.6 eV), which is formed by protonation under acidic
conditions and helpful to adsorb Cr(vi) through electrostatic
interactions.*® Furthermore, Fig. 8d shows the O 1s fine spectra
before and after Cr(vi) adsorption by AL-PTAP. The peaks with
binding energies of 532.6 and 531.3 eV correspond to C-O and
C=0, respectively. The relative intensity of the C=0 bond peak
in the used AL-PTAP increases. This may be because part of the
C-OH groups are oxidized to C=O during the adsorption
process and the C-OH groups may donate electrons for the
reduction of Cr(vi) to Cr(m).* The above results indicate that
both amine groups and hydroxyl groups in AL-PTAP play
important roles in the adsorption process of Cr(vi). AL-PTAP

1636 | RSC Adv, 2023, 13, 1627-1639
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could partly convert Cr(vi) to Cr(m) through the synergistic
effect of electrostatic adsorption and chemical reduction. The
possible mechanism of Cr(vi) adsorption by AL-PTAP is shown
in Fig. 9.

3.11. Effects of competing ions

Since various anions and metal ions coexist with Cr(vi) in
wastewater, it is of great significance to study the adsorption
capacity of AL-PTAP for Cr(vi) in water containing competing
ions. The effects of the presence of several common metal ions
and anions on the adsorption performance of AL-PTAP for Cr(vi)
were investigated. As shown in Fig. 10a, Cu®" ions, K* ions and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Possible mechanism of Cr(v)) adsorption by AL-PTAP.

Cd** ions were added, respectively, in Cr(vi) ions at a molar ratio
of 1:1. The adsorption capacity in the presence of K' was
97.02% of the control experiment without competing ions,
94.86% in the presence of Cu®>" and 93.77% in the presence of
Cd**. After adding these metal ions, AL-PTAP can still maintain
a high adsorption capacity. This may be due to the protonation
of amino groups in AL-PTAP in acidic solution (pH = 2) and
these protonated groups generate electrostatic repulsion with
metal cations. The repelled metal ions could not compete with

700 ]
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B0 500
)
£ 400
N’
D
© 300
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1004
0-

Cr(Vl) K+ Cu2+ Cd2+

Cr(vi) for adsorption sites and had little effect on the adsorption
of Cr(vi) by AL-PTAP. As shown in Fig. 10b, CI~, NO;~ and SO,*~
were added, respectively, and the molar ratio of ions to Cr(vi)
was 1:1. CI” and NO;  had little effect on the adsorption
capacity and the adsorption capacity in the presence of CI™ and
NO;~ was 97.02% and 92.58% of the control experiment,
respectively. The effect of SO,>~ on the adsorption capacity is
relatively large and the adsorption capacity in the presence of
S0, is 72.44%. This may be due to the stronger electrostatic

Cr(Vl) Cl- NO3- S042-

Fig. 10 Effects of competing ions on adsorption of Cr(vi) by AL-PTAP: (a) metal ions and (b) anions (condition: dose 0.025 g, initial Cr(vi) =
280 mg L%, pH = 2, 303.15 K, 24 h, the molar ratio of competing ions to Cr(v)) ions is 1: 1).
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Table 5 Maximum adsorption capacity of AL-PTAP and other reported adsorbents

Adsorbent PH (°C) Qm (mgg™) Ref.
PHN 3 454.55 48
ZIF-8@PDA/PAN fibers — 212.7 49
A series of micro-mesoporous activated carbons (ACs) 4.5 163.7 50
PEI-lignin particles 2 657.9 51
Fe;0,@mesoPDA 1.5 574.71 52
Lignin/GO composite nanospheres (LGNs) 2 368.78 53
Polydopamine microsphere (PDA-sphere) 3.8 200.2 54
Fluorescent lignin-based hydrogel 2 599.9 46
Cross-linked PEI 2 898.2 55
MoS,@C-PAMA — 800.0 56
AL-PTAP 2 769.2 Present study

force with the adsorption sites for divalent anions compared to
monovalent ions (Cl7, NO; ). Moreover, according to the
research of Wang et al.,*” the radius of SO,>~ ion is closer to that
of HCrO, , so it has similar molecular size and hydration
energy to HCrO, . Therefore, compared with NO; ™ ions and C1~
ions, SO,>~ ions will more strongly affect the binding of HCrO,~
and adsorption sites, resulting in a decrease in the adsorption
capacity. However, in the presence of SO,>~, the adsorption
capacity is still 72.4% of the control experiment, which can be
maintained at 535.2 mg g ‘. Therefore, AL-PTAP can still
maintain high-capacity adsorption performance for Cr(vi) in
complex wastewater.

3.12. Comparison of the removal capacity of different
adsorbents for Cr(vi)

As shown in Table 5, the adsorption capacity of AL-PTAP is
compared with other reported adsorbents. The AL-PTAP is
better than most of others. The possible reasons may be owed to
the structure of AL-PTAP. Alkali lignin and pyrogallol contains
phenolic hydroxyl group, and tetraethylene pentamine contains
amine group. Both of these two groups are hydrophilic and
favour to adsorb Cr(vi). Besides, the aminated alkali lignin can
cross-link pyrogallol to stable the AL-PTAP.

4. Conclusions

In this work, alkali lignin was modified by Mannich reaction
and then it was linked by pyrogallol through catechol-amine
reaction to prepare alkali lignin-based poly(tetraethylene
pentamine-pyrogallol) (AL-PTAP). The AL-PTAP was utilized to
adsorb Cr(vi) in water and the result was much higher than that
of alkali lignin. The adsorption capacity of the AL-PTAP is as
high as 769.2 mg g, the removal percentage of Cr(vi) solution
with a concentration of less than 140 mg L™* can reach almost
100% and the removal percentage can reach almost 100% when
the initial concentration less than 90 mg L™ within 1 min. The
adsorption behavior conforms to the pseudo-second-order
kinetic model and the Langmuir isotherm model. Part of the
toxic Cr(vi) was reduced to less toxic Cr(m) during the adsorption
process. In conclusion, with the properties of high-capacity and
fast adsorption, with the simple and low-cost preparation, AL-
PTAP adsorbent is expected to improve the utilization value of

1638 | RSC Adv, 2023, 13, 1627-1639

alkali lignin in the treatment of Cr(vi) wastewater and has broad
application prospects in the treatment of Cr(vi) wastewater.
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