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Abstract 

There are many paper manuscripts at museums, stores, and libraries that have different stains. The dust stains and soil 
remains played an important role in the degradation of these manuscripts. Therefore, the cleaning process for these 
stains is important to process. Unfortunately, the removal of stains by some traditional techniques can be hazardous 
to the paper’s fibers. Therefore, this study aims to evaluate innovative nanoparticle gels in the cleaning process of dust 
stains from paper manuscripts. The synthesized nanomaterials [Fe3O4, TiO2, and ZnO]/Carbopol hybrid nanogel were 
examined in order to investigate the surface morphology, determine the physio-chemical properties, for phase struc‑
ture, using scanning electron microscope (SEM), transmission electron microscope (TEM), AFM, DLS, XRD, and Zeta 
potential. Some stained paper samples were prepared and exposed to accelerated thermal aging at 100 °C for 72 h. 
The evaluation of the cleaning by nanogel was performed by different analytical procedures containing investigation 
with a USB digital microscope, SEM, color change, mechanical properties, and ATR-FTIR analysis. The results of this 
study showed that ZnO/Carbopol hybrid nanogel at high viscosity gave the best results in the cleaning process 
of mud stains through the ability to dismantle mud particles and increase surface contact with the solvent. The aged 
treated sample with high viscosity form of ZnO NPs/carbopol hybrid nanogel gave the highest tensile strength value 
of (56.0 N). The treated samples with the high viscosity form of ZnO NPs/carbopol hybrid nanogel gave the highest 
value of elongation (1.398%) before aging. It also does not affect the chemical composition of the paper after clean‑
ing it, but rather on the whole, it bites the hydration of the paper, which positively affects the properties of the treated 
paper.
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Introduction
There are many paper manuscripts housed in different 
stores, libraries, and museums are suffered from numer-
ous kinds of stains resulting from different deterioration 
factors [1–4], especially dust stains and soil remains. A lot 
of pages of the manuscripts are extremely cockled which 
leads to the ingress of dust inside the text block. The dust 
has a particular challenge for historical libraries [5–7]. 
Dirt and soil remain leads to different signs of damage to 
paper manuscripts like a scratchy action for the paper’s 
fibers and lead to weakness of paper manuscripts [5, 
8–10]. Dust and soil remains may become acidic due to 

*Correspondence:
Rushdya Rabee Ali Hassan
rushdyarabii@cu.edu.eg
Mohamed Z. M. Salem
mohamed-salem@alexu.edu.eg
Mostafa Abdel‑Hamied
mostafa_farag@cu.edu.eg
1 Conservation Department, Faculty of Archaeology, Cairo University, 
Giza 12613, Egypt
2 Faculty of Nanotechnology for Postgraduate Studies, Sheikh Zayed 
Campus, Cairo University, 6th October City, Giza 12588, Egypt
3 Forestry and Wood Technology Department, Faculty of Agriculture 
(EL‑Shatby), Alexandria University, Alexandria 21545, Egypt

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40494-023-01063-7&domain=pdf


Page 2 of 26Hassan et al. Heritage Science          (2023) 11:221 

the absorption of atmospheric pollutants such as sulfur 
dioxide from the surrounding environmental conditions 
[11–13]. The previous gas (SiO2) in combination with 
moisture can react with the metal compounds (Iron) 
found on the surface of the paper manuscripts in dust 
form and converted to sulfuric acid which is absorbed by 
paper sheets and consequently, weakness of its mechani-
cal properties and flexibility [14, 15].

Dust and soil remain found on the paper manuscript’s 
surface and often contain mold spores, particularly in 
an uncontrolled environment. Additionally, the compo-
nents of dust can provide a nutrient source for insects 
and microorganisms [14, 16]. The dust and soil remaining 
can absorb moisture from the surrounding environmen-
tal conditions which facilitate penetration of particulates 
of dust inside the paper sheets, consequently making it 
difficult to clean by the surface cleaning methods. The 
presence of surface dust leads to the staining of the paper 
sheets and reduces the artistic and historical values of 
paper manuscripts [17]. The removal of dust from the 
manuscripts, books, and other contents of libraries 
needs a high cost [18]. Cementation of dust occurred at 
high humidity, where calcium ions can leach from dust 
particles and redeposit forming microcrystalline calcite 
which cements the dust particle to the substrate and the 
hygroscopic feature of paper-enhanced cementation [19, 
20], where at high humidity, dust adheres very success-
fully to paper manuscripts. Many of the bacteria present 
in these materials, and particularly in archive materials, 
grow using very low concentrations of nutrients and may 
cause chemical and esthetic biodeterioration, as well as 
facilitating the last development of other microorganisms 
such as fungi, which are well-known deteriogens [21]. 
Their initial growth on materials is usually due to other 
organic material present in the dust, not to the nutrients 
in the supports [22].

Due to the previous, the dust stains and soil remains 
must be removed and cleaned from paper manuscripts. 
The cleaning process is one of the most vital processes 
for the treatment of paper manuscripts [23, 24]. Unfor-
tunately, some traditional methods such as solvents and 
chemical bleaching used for cleaning some stains lead to 
damage to the fibers of the treated paper [25] and most 
organic solvents (such as toluene) used in the treatment 
of paper manuscripts lead to degradation of the treated 
paper manuscripts, where these solvents led to an accel-
eration of oxidation and hydrolysis processes of paper [1].

One of the most important disciplines in cultural her-
itage conservation sciences these days is research into 
more effective, and stable time, new conservation treat-
ments [26, 27]. The use of gel is considered one of the 
most important processes used for cleaning paper manu-
scripts because it is easy and securely controlled [1] and 

it does not need liquid treatments [28]. Accordingly, the 
gel of some nanoparticles (NPs) such as ZnO, TiO2, and 
Fe3O4 gel have been evaluated for cleaning paper manu-
scripts in the present work. Out of our knowledge, gels 
contain ZnO NPs, TiO2 NPs, and Fe3O4 NPs have never 
been applied in cleaning paper manuscripts prior to this 
study.

ZnO NPs were chosen in this study due to its advan-
tages such as being affordable and having many active 
sites with high surface reactivity [29, 30]. ZnO NPs 
showed high absorption efficacy of light radiations, 
environmental safety, high homogeneity, relatively low 
process temperature and UV protection [31, 32] and anti-
bacterial properties [33].

In nanoscale and microscale formulations, ZnO NPs 
are now being investigated as antibacterial agents [34]. 
When used in conjunction with components for bio-
sensing and wound healing, ZnO NPs can trace minute 
amounts of biomarkers associated with different illnesses 
[35]. Additionally, it has been revealed that ZnO NPs may 
deliver and detect medicines [36]. ZnO NPs have super-
hydrophobicity, low electron conductivity, and excellent 
heat resistance [37, 38], which give it multifunction pur-
pose in medical application [39].

Excellent reusable self-cleaning capabilities of ZnO 
NPs were demonstrated, and these capabilities are crucial 
for stain removal because they prevent dust or dirt accu-
mulation on the treated surface [40, 41]. ZnO NPs give 
protection and preservation of paper works against dete-
rioration factors and it uses as a protective coating on the 
surface of paper fibers [42]. When ZnO NPs were applied 
to the paper surface for the coating to improve the sur-
face strength and softness [43–45] and protect paper 
from the damaging effects of UV light, air pollutants, and 
micro-organisms like fungi and bacteria [45, 46].

TiO2 is a white non-combustible and odorless powder 
[47]. It is one of the most important inorganic minerals 
due to the potential applications of TiO2 NPs in different 
fields, non-toxicity, stability and optical, and adsorption 
properties [47, 48]. Additionally, TiO2 is super hydropho-
bic material [49]. TiO2 NPs have been made using green, 
chemical, physical, and biological synthesis techniques. 
Green methods have been found to be more effective 
than chemical synthesis techniques because they use 
fewer precursors, use less time, and use less energy [50, 
51].

Iron oxide nanoparticles (Fe3O4 NPs) are widely stud-
ied in various fields of research like magnetic resonance 
(MR) imaging applications [52], platforms for tumor 
imaging and therapy or improved and targeted cellu-
lar absorption by alterations to the surface layer coating 
[53], customized medication delivery and environmental 
cleanup [54] and antimicrobial bioactives [55, 56]. Fe3O4 
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NPs are frequently produced by chemical reduction, 
thermal breakdown, and hydrothermal synthesis tech-
niques [54].

Therefore, the aim of this work was to evaluate the 
efficiency of nanogels containing, either ZnO NPs, TiO2 
NPs, or Fe3O4 NPs in the forms of low or high viscosity in 
the cleaning process of paper manuscripts.

Materials and methods
Preparation of stained paper samples
The paper samples which had been used in this study 
are Whatman filter paper (100% of pure cotton fibers)- 
GE Healthcare Life Sciences with the following techni-
cal information: CAT No. 1442–150, Model quantitative 
filter Whatman ashless, grade: 42, diameter: 150  mm. 
Whatman was purchased from Sigma company (Sigma–
Aldrich, Mo, St. Louis, USA). From the field study by 
authors at the Center of Conservation of Antiquities, 
Egypt, it was noticed different paper manuscripts suf-
fered from dust stains and soil remains (Fig. 1). The dust 
used in this study was collected by soft brush from a 
storehouse of the special library (Fig. 2), Cairo, Egypt.

The application of a dust layer on Whatman paper was 
performed according to Elnaggar et  al. [57]. Briefly, the 
collected dust (Fig.  3A) was mixed with distilled water 
(Fig.  3B). The Whatman paper samples were covered 
with a thin layer of the prepared dust using a soft brush 
(Fig. 3C, D). The stained paper samples (Fig. 3E) were left 

to dry at room temperature (Fig. 3F). After staining, the 
samples were subjected to an aging process before carry-
ing out the cleaning experiments.

Preparation of nanomaterials/carbopol hybrid nanogels
Chemicals
Hematite ore (Aswan mins), ammonia water (NH4OH, 
34%, El Naser Chemical Co., Egypt) Carbopol, Tri-
methylamine, TiO2, Zn (CH3CO2)2·2H2O, H2O2 and 

Fig. 1  Some examples of dust stains and soil remain on some paper manuscripts (From the field survey of researchers). Photos were taken 
by the co-author Mostafa Abdel-Hamied

Fig. 2  The storehouse of the special library, Cairo, Egypt, which 
the dust has been collected from it using a soft brush. Photos were 
taken by the co-author Mostafa Abdel-Hamied
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NaOH (Sigma Chemical Co., India) were used without 
any purification with lab grade. The neutralization of 
carbopol hybrid nanogels produced the highest possi-
ble viscosity. At a pH between 6.0 and 7.0, the maxi-
mum viscosity is often attained. In this work, ammonia 
water (NH4OH, 34% added) was used to achieve a pH 
of 9.0, and as a result, the viscosity of carbopol hybrid 
nanogels started to drop to make them appropriate for 
application on the surface of paper.

Synthesis of ZnO NPs/carbopol hybrid nanogel
Zincite nanoparticles (ZnO NPs) were synthesized by the 
precipitation method according to Ismail et al. [58]. In a 

typical synthesis, zinc acetate dihydrate as source mate-
rial and Ammonia solution 33% (NH3 basis) in aqueous 
solution (NH4OH) as a precipitating agent were used. 
The ZnO NPs were produced by dissolving the appropri-
ate weight of zinc acetate in 200 ml of doubled deionized 
water to give 0.2 M Zn solution. Subsequently, the Zn 
solution was subjected to ultra-sonication radiation using 
Hielscher UP400S (400 W, 24 kHz, Hielscher Ultrasonics 
GmbH, Germany), at an amplitude of 80% and a cycle of 
0.8 for 10 min at a temperature of 60 °C. At the same time 
of sonication, the ammonia solution was added dropwise 
to the Zn solution. When ZnO NPs started to form and 
develop, the ammonia solution addition continued until 

Fig. 3  Preparation steps of stained paper; A The collected dust; B The prepared dust mixed with distilled water; C, D Application of a thin layer 
of the prepared dust over the what-man paper by brush; E The stained paper before drying; F The stained paper after drying
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all of the ZnO NPs had precipitated. Finally, the white 
precipitate was washed three times with doubled deion-
ized water that had been doubled before being air-dried 
for 24 h.

The sonochemical method was used to synthesis a ZnO 
NPs/carbopol hybrid nanogel. 1  g of carbopol 940 was 
dissolved in 500  ml deionized water, added to washed 
ZnO NPs, and placed in a sonication prop device under 
the conditions of 90 amplitude and 90 cycles. Next, 
100 ml of trimethylamine was added drop by drop with 
continuous sonication until white gel formation. To cre-
ate a thicker ZnO NPs/carbopol hybrid nanogel, the last 
process with various amounts of carbopol and trimeth-
ylamine (2  g to 200  ml) was repeated. High and low-
viscosity ZnO NPs/carbopol hybrid nanogels have been 
created.

Synthesis of TiO2 NPs /carbopol hybrid nanogel
Firstly, the synthesis of rutile nanoparticles (TiO2 NPs) 
by the sonochemical method was done according to 
Gharib et  al. [59]. TiO2 (0.5  g) was added to 100  ml of 
10  M NaOH and then subjected to ultrasonication for 
4  h at room temperature with continual stirring at 90% 
amplitude and 0.9 cycles. Then used three further washes 
of doubled deionized water to wash the final precipitate. 
One gram of Carbopol 940 dissolved in 500  ml deion-
ized water was added to washed TiO2 NPs and placed in 
a sonication prop device with the conditions of ampli-
tude 90 and cycle 90%. Next, 100 ml of trimethyl-amine 
was added drop by drop with continuous sonication until 
white gel formation. This was done using a sonochemical 
method. To create a thicker TiO2 NPs/carbopol hybrid 
nanogel, the last procedure was repeated with various 
concentrations of carbopol and trimethylamine (2  g to 
200  mL). Both a high and low viscosity TiO2 NPs/car-
bopol hybrid nanogel has been created.

Synthesis of Fe3O4 NPs/carbopol hybrid nanogel
Magnetite nanoparticles (Fe3O4 NPs) were synthesized 
using the method described by Hamdy et  al. [60]. 0.3  g 
of the hematite ore was added to 30 mL of H2O2 drop by 
drop in the same time the mixture was subjected to ultra-
sound of 60 kHz for 2 h in an ultrasonic device (Sonica 
4200 EPS3, Italy) until the black particles of Fe3O4 was 
obtained. After 0.5 h, the Fe3O4 NPs (blackly colored) had 
precipitated from the supernatant (reddishly colored). 
The Fe3O4 NPs had been separated from the solution by 
centrifugation at 4000  RPM and finally, the Fe3O4 NPs 
have washed four times using methanol. In a typical syn-
thesis of Fe3O4 NPs/carbopol hybrid nanogel, 0.1  g of 
Fe3O4 NPs desperation in 50 ml of ethanol is added to a 
solution of 0.5 g carbopol dissolved in 50 ml ethanol and 
stir the mixture using a mechanical stirrer for 45  min. 

Next, 0.5 ml of Trimethylamine was added drop by drop 
and stirred for another 30 min until obtaining black gel. 
Fe3O4 NPs/carbopol hybrid nanogel has been prepared in 
high and low-viscosity.

Application of nanomaterials/carbopol hybrid nanogels
Firstly, some mechanical tools such as soft brushes, and 
scalpels have been used in order to remove loose par-
ticulates. Followed by, the application of the nanomate-
rials/carbopol hybrid nanogels. The application of the 
prepared high-viscosity of nanogels was performed by 
spatula (Fig. 4A), then covered with a polyethylene sheet 
(Fig. 4B, C) and left in order to react with the dust stain 
layer. After approximately 10 min, the nanogel layer was 
removed using a spatula (Fig.  4D), and the residue was 
removed with a cotton swab (Fig. 4E). On the other hand, 
the low viscosity from the prepared nanogels was applied 
using a soft brush (Fig. 4F, G) [61, 62] and the cleaning 
process was achieved by the cotton swab (Fig. 4H).

Accelerated thermal ageing for the stained and cleaned 
paper samples
The dried stained paper samples were aged for six days at 
105 °C, which is chosen to be the equivalent of 50 years 
of natural aging [63]. After being cleaned, the test paper 
samples underwent 27  days of thermal aging at 105  °C 
[28, 64].

Analytical methods used
For the investigation of produced nanomaterials (Fe3O4, 
TiO2, and ZnO)/Carbopol hybrid nanogel and for the 
assessment of the cleaning procedure for paper samples, 
a variety of analytical techniques have been applied.

Transmission electron microscope (TEM)
High-resolution Transmission Electron Microscope 
(JEOL TEM-2100, Japan) was used to supply the texture 
of the synthesized nanomaterials/Carbopol hybrid nano-
gel [65, 66]. Before testing, samples were thoroughly sus-
pended and sonicated with an ultrasonic prop. After that, 
50 µm of slurry was placed into a TEM grid, and meas-
urements were made under 200 kV conditions.

Atomic force microscope (AFM)
Topographic images with 2D and 3D surfaces were 
obtained by Atomic Force Microscope (AFM, 5600LS, 
Agilent, USA) at the Faculty of Nanotechnology, Cairo 
University, Giza, Egypt. Firstly, the sample was sus-
pended, and thoroughly sonicated with an ultrasonic 
generator, and then 100 µm of the slurry was placed on 
a mica plate for measurement using the contact mode. Al 
tip and study region are 100 nm × 100 nm.
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Fig. 4  Application and cleaning process using the high and low viscosity of nanogels; A Application of high viscosity nanogel by spatula; 
B, C Covering the applied high viscosity gel with polyethylene sheet; D Removing the applied layer using a spatula; E Removing the residue 
with a cotton swab; F, G Application of the low viscosity from nanogels using a soft brush; H Cleaning process by a cotton swab
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X‑Ray diffraction (XRD)
A non-destructive analytical method used to ascertain 
the crystallographic structure of materials is X-ray dif-
fraction (XRD, Philips, PAN analytical X’Pert, CuKα 
radiation, USA) at the Faculty of Nanotechnology, Cairo 
University, Egypt was used to analyze the synthesized 
nanomaterials/Carbopol hybrid nanogel. XRD includes 
shining an X-ray beam on the sample and analyzing the 
diffraction pattern that results. The crystal structure, lat-
tice spacing, and atom orientation of the sample are all 
revealed by the diffraction pattern. The materials were 
first dried, ground into a powder, and then placed in an 
X-ray diffractometer for measurement at a 2-theta range 
of 5 to 80° under conditions of 30 mA and 10 kV.

Zeta potential
The electrokinetic potential of particles in solution is 
measured by the zeta potential. The stability of colloi-
dal suspensions can be assessed using the zeta poten-
tial, which also offers details on the surface charges of 
the particles and their interactions with one another. 
Zeta potential was performed by a Zeta analyzer device 
manufactured by Malvern Instruments Ltd. (Nano Sight 
NS500, USA). Prior to testing, samples were suspended 
and thoroughly sonicated using an ultrasonic prop. 
Then, 1000  µm of slurry containing two Ag electrodes 
was placed into a quartz zeta potential cuvette for meas-
urement under constant current and 25  °C temperature 
conditions.

Dynamic light scattering (DLS)
The measurement and size distribution of the synthesized 
nanomaterials/Carbopol hybrid nanogel was achieved by 
a dynamic light scattering (DLS) device manufactured 
by Malvern Instruments Ltd. (Nano Sight NS500, USA). 
DLS is a method for calculating the variations in scat-
tered light based on the Brownian motion of particles. 
DLS can offer details on the hydrodynamic diameter and 
particle size distribution of particles in solution. Before 
testing, samples were suspended and thoroughly soni-
cated using an ultrasonic generator. Then, 1000  µm of 
the slurry was placed into a DLS rounded quartz cuvette 
coated with BaCl2, and the temperature was set at 25 °C 
for measurements condition.

Scanning electron microscope (SEM)
A beam of electrons is used in the scanning electron 
microscope (SEM) method to scan a sample’s surface 
and generate high-resolution images. SEM offers details 

on the composition, elemental analysis, and topogra-
phy of the sample. A field emission scanning electron 
microscopy (FESEM, JSM-6701F Plus, JEOL, Japan) 
was used to investigate the surface morphology of the 
synthesized nanomaterials/carbopol hybrid nano-
gel. Additionally, Zeiss LEO 1550 (SEM LEO 1550VP; 
Carl Zeiss AG, Oberkochen, Germany), equipped with 
an Edwards Scan Coat K550X sputter coater (Gordon 
Brothers, Boston, MA, USA) at Asyut University was 
used to investigate the surface morphology for stained 
and cleaned paper samples. The sample size was not 
exceed 10 cm2, and the thickness was less than 10 mm. 
For the purpose of obtaining more precise images, sev-
eral scans were performed at various magnifications.

Digital microscope (USB microscope)
The USB digital microscope (model PZ01; Shenzhen 
Super Eyes Co., Ltd., Guangdong, China) was used for 
the investigation of the surface of the experimental 
paper samples with magnification from 200-500X.

Color change by spectrophotometer
The color change of the non-cleaned and cleaned 
paper samples was performed with a spectrophotom-
eter: Optimatch 3100 (Model No. CE 3100. Serial No. 
31013780698, SDL Company, England). The total color 
differences for all non-cleaned and cleaned paper sam-
ples were expressed as the color change (ΔE) and meas-
ured according to the following Equation [67].

With a D65 light source and an observed angle of 109°, 
all of the samples were measured in the visible region, 
which covers a wavelength range of 400 nm to 700 nm 
with an interval of 20 nm. The ΔE was expressed using 
the CIELA B color space’s L, a, and b colorimetric coor-
dinates. A cubic form is used to arrange the CIELAB 
color space. The L axis extends vertically. L can be as 
large as 100, which stands for white. L has a minimum 
of zero, which stands for the color black. There are no 
particular numerical restrictions for the a and b axes. 
Negative an is green and positive an is red. Negative b 
is blue, and positive b is yellow. The lower value of ΔE 
is the closer, the sample is to the standard. ΔE value of 
0.00 means the color of the sample is identical to the 
color of the standard.
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Fourier transform infrared spectroscopy (ATR‑FTIR)
ATR-FTIR spectrometer (Model 6100, Jasco, Tokyo, 
Japan) at the National Institute of Standards and Tech-
nology (NIST) was used for the ATR-FTIR analysis for 
the stained and cleaned paper samples [68].

Measurement of mechanical properties
Tensile strength (N) and elongation at break (%) for the 
stained, cleaned, and aged cleaned paper samples were 
measured using the testing machine (H5KT, SDL Atlas, 
Borås, Sweden) at the National Institute for Standards 
(NIS), at 25  °C and a cross-head speed of 50  mm/min 
[69].

Statistical analysis
Data on the color changes and mechanical properties 
(tensile strength and elongation at break) were statisti-
cally analyzed with one-way ANOVA. The comparison 
among means was measured by LSD at a 0.05 level of 
probability.

Results and discussion
Properties of the prepared stained paper samples
From the 2D, and 3D images of AFM for the stained 
paper (Figs.  5A, B), it was noticed that the thickness of 
stain layer on paper was approximately 3.5  µm. From 
the AFM images (Figs.  6A, B), it was observed that the 
thickness of low viscosity gel applied over the stained 
paper was 15 nm. While, the 2D, and 3D images of AFM 
(Fig. 6C, D) revealed that the thickness of high viscosity 
gel on the surface of stained paper samples was 18 nm.

Characterization of the prepared nanogels
Characterization of ZnO NPs/Carbopol hybrid nanogel
The data obtained from TEM (Fig. 7A), SEM (Fig. 7B) and 
AFM (Fig. 7C), images show the spherical shape of ZnO 
NPs with sharp edges and a particle size of 35 nm. Good 
desperation in the Carbopol gel without any agglomera-
tion was noticed. The XRD pattern (Fig. 7D) revealed the 
excellent purity of ZnO NPs/Carbopol hybrid nanogel, 
where the characteristic ZnO NPs peaks were presented 
without any secondary products from the synthesis 
method. However, XRD characteristic peaks of ZnO NPs 
at 2 Theta = 31.9, 34.6, 36.4, 47.8, 56.9, 63.2, 66.7, 68.34, 
69.4, 7 and 77.4°, while Carbopol has zero peaks as meas-
ured by XRD as related to its amorphous nature. DLS 
results (Fig.  5E) showed the size of ZnO NPs/Carbopol 
hybrid nanogel was 37 nm compatible with TEM results. 
ZnO NPs/Carbopol hybrid nanogel observed a Zeta 
potential value of – 33 mV (Fig. 5F), which illustrated its 
colloidal nature.

Characterization of TiO2 NPs/Carbopol hybrid nanogel
Characterization of TiO2 NP/Carbopol hybrid nanogel 
illustrated in Fig.  8. TEM (Fig.  8A), SEM (Fig.  8B), and 
2D and 3D AFM image (Fig. 8C, D) illustrates the spheri-
cal shape of TiO2 NPs with sharp edges and with a size of 
about 30 nm with good desperation in the Carbopol gel 
without any agglomeration. XRD results (Fig.  8E) illus-
trate the excellent purity of TiO2 NPs/Carbopol hybrid 
nanogel, where the characteristic peaks of TiO2 NPs are 
presented without any secondary products from the syn-
thesis method. However, the peaks of TiO2 NPs by XRD 
were characterized at 2 Theta = 27.4°, 36.1°, 41.2° and 
54.3°, while Carbopol has zero XRD characteristic peaks 
due to its amorphous nature. DLS results (Fig. 8F) illus-
trated that the size of ZnO NPs/Carbopol hybrid nanogel 
was 34 nm and agreed with TEM results. The zeta poten-
tial (Fig. 8G) illustrated the colloidal nature of ZnO NPs/
Carbopol hybrid nanogel, in which a value was -39 mV.

Characterization of Fe3O4 NPs/Carbopol hybrid nanogel
Characterization of Fe3O4 NPs/Carbopol hybrid nano-
gel is shown in Fig. 9. By XRD measurements (Fig. 9A), 
the excellent purity of Fe3O4 NPs/Carbopol hybrid 
nanogel was characterized as the peaks of Fe3O4 pre-
sented without any secondary products at 2 Theta = 30°, 
35.4°, 43.03°, 53.4°, 56.91° and 62.5°. Carbopol has no 
peaks due to its amorphous nature. AFM (Fig.  9B, C) 
and SEM (Fig.  9D) and TEM (Fig.  9E) images illustrate 
the sub-spherical shape of Fe3O4 with sharp edges and a 
size of about 35  nm with good desperation and coating 
of the Carbopol gel without any agglomeration. By DLS 
(Fig. 9F), the size of Fe3O4 NPs/carbopol hybrid nanogel 
was 55 nm, which compared with TEM results. The Zeta 
potential (Fig. 9G) of Fe3O4 NPs/carbopol hybrid nanogel 
was − 24 mV, which confirmed its good desperation.

Evaluation of the formulated nanogels in the cleaning 
process of mud and dust stains
Portable digital microscope (USB microscope)
The images of a digital microscope play an important role 
in evaluating the surface damage of the object [70]. The 
image obtained from the USB microscope for the paper 
sample before the treatment with the prepared nanogels 
(Fig. 10) referred that the surface of the untreated sample 
is full of spots and impurities. In the untreated sample, 
the surface of the paper was covered with impurities and 
mud stains.

Figure  11 shows the treatment with TiO2NPs/car-
bopol hybrid nanogel before and after aging. The mud 
stains and impurities still existed, when the samples 
were cleaned with TiO2 NPs/carbopol hybrid low 
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viscosity (LV) nanogel (Fig.  11A, B), which indicated 
the inefficiency of this nanogel. After the treatment 
with TiO2 NPs/carbopol hybrid high viscosity (HV) 
nanogel (Fig.  11C, D), the presence of mud stains and 
impurities were observed, with the absence of the fib-
ers, which significantly indicated the inefficiency clean-
ing process, when using this gel.

After using ZnO NPs/Carbopol hybrid LV nanogel 
(Fig.  12A, B), the appearance of the white surface of 
the paper was found with a slight residue of mud stain, 
which evidence the efficiency of this gel. After using 
ZnO NPs/Carbopol hybrid HV nanogel (Fig.  12C, D), 
the paper fibers were clearly observed with a white sur-
face and a slight trace of a mud stain was stained.

Fig. 5  AFM images of the stained paper; A 2D image; B 3D image
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Fig. 6  AFM images of applied nanogel over paper; A, B 2D, and 3D of low viscosity gel; C, D 2D, and 3D of high viscosity gel
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The fibers did not appear clearly and there was a lot of 
mud remaining when the sample was treated with Fe3O4 
NPs/carbopol LV hybrid nanogel (Fig.  13A, B), which 
indicated the inefficiency of this nanogel. After the treat-
ment with the Fe3O4 NPs/carbopol HV hybrid nanogel 
(Fig.  13C, D), the surface of the paper appeared to be 
white with a slight residue of stains, which supported the 
efficiency of this nanogel.

From the above results, the effect of ZnO NPs/Car-
bopol hybrid HV nanogel was the best, where the 
surfaces of the cleaned paper appeared to be white. 

Additionally, there were no substances fully treated. In 
every treatment, there was a residue of impurities and 
traces of a mud stain.

Nanogels have been used widely; for example, a gel of 
ZnO NPs modified with hydroxyethyl cellulose has dem-
onstrated its efficacy in simulating the healing of skin 
wounds by primary tension and has a strong regenera-
tive effect on burn wounds [39]. SiO2-TiO2-ZrO2 nano-
composites with a content of TiO2 between 8% and 9.5% 
and ZrO2 between 0.5% and 2% exhibit complete insolu-
bility in a highly alkaline medium, enable the formation 

Fig. 7  The characterization of ZnO NP/Carbopol hybrid nanogel; A TEM; B SEM; C 3D AFM image; D XRD; E DLS and F Zeta potential
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Fig. 8  Characterization of TiO2 NP/Carbopol hybrid nanogel; A TEM; B SEM; C, D AFM; E XRD; F DLS; G Zeta potential
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of uniform structure on paint and varnish coatings, and 
shield the car surface from UV radiation [49].

Attractive Fe3O4 NPs have been developed as emerg-
ing materials for its broad scope use in various fields 
[71]. In the pre-concentration and immobilization of 

2,4,4′-trichlorobiphenyl from vast volumes of aqueous 
solutions in the cleanup of polychlorinated biphenyl pol-
lution, Fe3O4 NPs grafted graphene oxide (Fe3O4@GO) 
was an appropriate material [72]. Fe3O4 NPs showed 
no toxicity in water cleaning operations and might be 

Fig. 9  Characterization of Fe3O4 NP/carbopol hybrid nanogel; A XRD; B, C AFM; D SEM; E TEM; F DLS; G Zeta potential
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employed as absorbents for Pb (II) removal [73]. When 
methylene blue dye was exposed to green LED light and 
Fe3O4/ZnO-modified natural pumice, a high degradation 
yield was seen [74]. Another investigation into throm-
bolytic ratio testing has shown that employing magneti-
cally controlled urokinase-coated Fe3O4 NPs rather than 
a pure urokinase solution considerably increases the effi-
ciency of thrombus cleaning [75]. Fe3O4@UiO-66-NH2/

PVDF-co-CTFE mixed matrix membrane showed excel-
lent anti-fouling performance for wastewater treatment 
in complex environments [76].

Surface morphology by scanning electron microscope
The SEM image (Fig.  14) of the untreated paper sam-
ples before treatment with different nanogels showed 
the presence of a thick layer of mud and dust satins, 
which led to the hide of the paper’s fibers [1]. Addition-
ally, it was clear from the microscopic images that the 
accelerated thermal aging impacted the structure of 
the untreated samples, where apparent destruction of 
untreated paper fibers was observed. Furthermore, the 
roughness of the fibers and the tearing deformation of 
paper fibers were also noticed.

The SEM images of the treated paper sample with TiO2 
NPs/carbopol hybrid LV nanogel (Fig.  15A, B) and HV 
nanogel (Fig. 15C, D) gave good results compared to the 
untreated sample, but the surface still covered with the 
dust layer and consequently the disappearance of paper’s 
fibers. This result referred to the low efficiency of these 
treatments.

The SEM images of the treated paper samples with 
ZnO NPs/carbopol hybrid LV nanogel (Fig.  16A, B) 

Fig. 10  Digital microscope image of stained sample before cleaning

Fig. 11  Digital microscope images of cleaned paper samples with TiO2 NP/carbopol hybrid nanogel before and after aging; A Cleaned sample 
with LV nanogel; B Aged cleaned sample with LV nanogel; C Cleaned sample with HV nanogel; D Aged cleaned sample with HV naogel
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gave good results compared to the untreated sam-
ple, where the simple presence of paper sample was. 
Interestingly, the treated sample with ZnO NPs/car-
bopol hybrid HV nanogel (Fig. 16C, D, E) gave the best 
results, especially in the presence of paper fibers.

The SEM images of the treated samples with Fe3O4 
NPs/carbopol hybrid nanogel revealed (Fig.  17) that 
the HV nonogel gave the best results compared to the 
treated sample with LV nanogel. The treated sample 
with LV nanogel showed little difference compared to 
the untreated sample.

From the previous results, it was worth noting that 
the amount of residue was high at a treated with ZnO 
NPs/carbopol hybrid nanogel (after aging), Fe3O4 NPs/
carbopol hybrid nanogel (after aging), both high-
treated paper’s surface with Fe3O4 NPs/carbopol 
hybrid HV nanogel and TiO2 NPs/carbopol hybrid HV 
nanogel results on the processed paper after aging. 
Both treated paper’s surface with TiO2 NPs/carbopol 
hybrid HV nanogel after aging, ZnO NPs/carbopol 
hybrid HV nanogel after aging, and ZnO NPs/carbopol 
hybrid LV nanogel before aging are good results, but 
not as efficient as the previous materials.

Measurements of color change by spectrophotometer
Comparing the results of the color change (ΔE) values 
for the samples before and after treatment (Table  1), it 
was noticed that a significant ΔE occurred in the treated 
sample with ZnO NPs/Carbopol hybrid HV nanogel, for 
which the ΔE value was relatively high compared to oth-
ers treatment with different nanogels, especially Fe3O4 
NPs/carbopol hybrid LV nanogel, as it gave the worst 
results in cleaning treatment, where it recorded 5.13.

The results of the table confirmed that after the arti-
ficial aging, the values of ΔE in all treated samples 
decreased significantly, where ΔE of the treated sam-
ple with ZnO NPs/Carbopol hybrid nanogel at the HV 
recorded at 19.32 which is considered the highest value. 
On the other hand, the aged treated sample with Fe3O4 
NPs/carbopol hybrid nanogel at LV recorded the lowest 
ΔE value of 2.00.

The apparent improvement in the values of ΔE can be 
attributed to two reasons; (1) the role of the heat during 
the aging in dryness of the residues; (2) nanogel can react 
as a bleaching agent, which can improve the color change 
after again the result of bleaching [77].

Fig. 12  Digital microscope images of cleaned paper samples with ZnO NP/carbopol hybrid nanogel before and after aging; A Cleaned sample 
with LV nanogel; B Aged cleaned sample with LV nanogel; C Cleaned sample with HV nanogel; D Aged cleaned sample with HV nanogel
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There was also a clear difference between the values of 
the ΔE according to the type of nanogels used after the 
accelerating aging, where ΔE of the aged treated samples 
with ZnO NPs/carbopol hybrid nanogel and Fe3O NPs/
carbopol hybrid nanogel recorded values of 19.32 and 
15.76, respectively, which confirmed that the ZnO NPs/
carbopol hybrid nanogel had a pivotal role in increasing 
the values of ΔE, which referred to the efficiency of this 

gel in removing the dust stains. Comparing these results 
after aging, it was observed that the lowest ΔE (2.00) was 
found in the sample treated with the LV of Fe3O4 NPs/
carbopol hybrid nanogel. This was followed by the treated 
sample with the LV of TiO2 NPs/carbopol hybrid nanogel 
(ΔE 9.11), the treated sample with the HV of TiO2 NPs/
carbopol hybrid nanogel (ΔE 13.88) and the use of ZnO 
NPs/carbopol hybrid LV nanogel (ΔE 15.13).

Measurements of mechanical properties
The data obtained in Table 2 show that the treated sam-
ple with ZnO NPs/carbopol hybrid nanogel at HV gave 
the highest tensile strength (56.40 N). This result revealed 
that a good cleaning treatment was obtained compared 
to other treatments. Followed by a treated sample with 
Fe3O4 NPs/carbopol hybrid HV nanogel (53.8  N), then 
a treated sample with LV form of ZnO NPs/carbopol 
hybrid nanogel (37.59 N). On the other hand, the treated 
sample with Fe3O4 NPs/carbopol hybrid nanogel at LV 
form gave the worst value (18.93 N).

The results of tensile strength for the aged treated sam-
ples (Table 2) showed that the aged treated sample with 
HV form of ZnO NPs/carbopol hybrid nanogel gave the 
highest tensile strength value of 56.0 N, compared to the 

Fig. 13  Digital microscope images of cleaned paper samples with Fe3O4 NP/carbopol hybrid nanogel before and after aging; A Cleaned sample 
with LV nanogel; B Aged cleaned sample with LV nanogel; C Cleaned sample with HV nanogel; D Aged cleaned sample with HV nanogel

Fig.14  SEM image of stained paper sample before cleaning
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untreated and treated paper samples with other treat-
ments. Additionally, little difference was observed with 
the treated sample before aging, which referred to the 
efficiency of this treatment against thermal aging. In con-
trast, the aged treated sample with LV form of Fe3O4 NPs/
carbopol hybrid nanogel gave the lowest value (17.35 N).

The data obtained in Table 2 showed that the untreated 
paper sample has the lowest elongation value (0.568%), 
which may be due to the effect of dust remains and accel-
erated thermal aging. The treated samples with the HV 
form of ZnO NPs/carbopol hybrid nanogel gave the 
highest value of elongation (1.398%), followed by the HV 
form of Fe3O4 NPs/carbopol hybrid nanogel (1.239%), 
LV form of ZnO NPs/carbopol hybrid nanogel (1.159%), 
TiO2 NPs/carbopol hybrid HV nanogel (1.013%), TiO2 
NPs/carbopol hybrid LV nanogel (0.920%) and finally, 
the treated samples with Fe3O4 NPs/carbopol hybrid LV 
nanogel, which own the lowest value (0.815%).

The results of elongation at break values for all treated 
samples with different nanogels revealed an improve-
ment in the elongation values compared to the uncleaned 
sample. By comparing the values of the elongation at 
break for the cleaned paper samples after accelerated 
thermal aging (Table  2), it was noticed that the treated 

paper sample with ZnO NPs/carbopol hybrid HV nano-
gel gave the highest value (1.328%). This result referred 
to the high resistance of this treatment against thermal 
aging. In contrast, the aged treated sample with Fe3O4 
NPs/carbopol hybrid LV nanogel gave the lowest value 
(17.35%).

From the previous results, it concluded that the treated 
sample with ZnO NPs/carbopol hybrid HV nanogel gave 
the best mechanical properties (tensile strength and 
elongation at break) either before or after thermal aging. 
This referred to the removal of the accumulated dust and 
an increase in the mechanical properties of the treated 
paper. On the other hand, the treated sample with Fe3O4 
NPs/carbopol hybrid LV nanogel gave the lowest value, 
which referred to the non-efficiency of this treatment for 
cleaning the stains from the paper samples.

The performance properties of the nano-gel are also 
impacted by variations in the nanoparticle concentration 
content. Properties including viscosity, swelling capac-
ity, and cleaning behavior can alter as the amount of 
nanoparticles in a material rises. Depending on how the 
nano-gel is being used specifically, these alterations can 
be beneficial or detrimental. As a result, to optimize the 
nano-gel’s performance characteristics for a particular 

Fig. 15  SEM images of cleaned paper samples with TiO2 NP/carbopol hybrid nanogel before and after aging; A Cleaned sample with LV nanogel; B 
Aged cleaned sample with LV nanogel; C Cleaned sample with HV nanogel; D Aged cleaned sample with HV nanogel
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application, careful control of the nanoparticle content is 
required.

Fourier transform infrared spectroscopy
From the data obtained for the aged untreated paper 
samples (Fig. 18), it was noticed the disappearance of the 
characteristic peaks of cellulose (Table 3), which referred 
to decompose of paper under the influence of accelerated 
industrial aging and the covering of the paper surface 
with a thick mud stain. Consequently, the characteristic 
peaks of mud and soil remain such as O–H (3698 cm−1), 

O–H (3500 cm−1), C–H (2900  cm−1), C = O, C = C 
(1600  cm−1), C–H (1395  cm−1), C–O–C (1163  cm−1), 
and O–H (666 cm−1) were observed [78]. The ATR-FTIR 
spectra of the aged untreated samples (Fig. 18) observed 
the functional groups of OH at 3698 cm−1 and 3500 cm−1, 
and CH2 at 2850  cm−1. Additionally, the characteristic 
functional groups of cellulose were not observed, which 
is considered to be an indication of the disappearance of 
cellulose under the mud layer.

Furthermore, methyl and methylene groups can be 
detected at 2918 and 2850 cm−1 [79], the hydroxyl group 

Fig.16  SEM images of cleaned paper samples with ZnO NP/carbopol hybrid nanogel before and after aging; A Cleaned sample with LV nanogel; B 
Aged cleaned sample with LV nanogel; C, D Cleaned sample with HV nanogel; E Aged cleaned sample with HV nanogel
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at 3296 and 3620  cm−1 [79, 80], carboxyl at 1030  cm−1, 
hydroxyl at 3319 cm−1, cellulose at 3660–2800 and 1650–
400  cm−1, CH, -OH and C–O at 1420–1430  cm−1, CO3 
and CaCO3 at 1475  cm−1, and the natural hydrous sili-
cates at 1620–1642 cm−1 [1, 81].

From the ATR-FTIR spectra of the treated sample 
with TiO2 NPs/carbopol hybrid nanogel at LV before 
aging (Fig.  18), the appearance of CH (2870  cm−1) 
and C–O–C (982  cm−1) is related to cellulose and 
many functional groups of mud. Additionally, the 

Fig. 17  SEM images of cleaned paper samples with Fe3O4 NP/carbopol hybrid nanogel before and after aging; A Cleaned sample with LV gel; B 
Aged cleaned sample with LV nanogel; C Cleaned sample with HV nanogel; D Aged cleaned sample with HV nanogel

Table 1  The results of color change for the aged mud stained paper, treated and aged treated paper samples

Means with the same letter within the same column are not significantly different according to LSD at 0.05 level of probability

Samples L a b ΔE L a b ΔE

Aged stained sample before treatment 63.47 1.75 9.39 0.0G 63.47 1.75 9.39 0.0G

TiO2 NP/carbopol hybrid nanogel

 Low viscosity gel High viscosity gel

  Treated sample before ageing 73.78 2.63 13.20 11.03C ± 0.015 77.42 2.25 12.40 14.28E ± 0.026

  Treated sample after ageing 70.57 3.90 14.67 9.11D ± 0.010 76.83 2.36 13.10 13.88F ± 0.010

ZnO NP/carbopol hybrid nanogel

 Low viscosity gel High viscosity gel

  Treated sample before ageing 79.00 1.90 11.05 15.62A ± 0.010 83.04 1.53 12.11 19.76A ± 0.010

  Treated sample after ageing 78.27 2.22 12.52 15.12B ± 0.021 82.61 1.64 12.03 19.32B ± 0.010

Fe3O4 NP/carbopol hybrid nanogel

 Low viscosity gel High viscosity gel

  Treated sample before ageing 67.84 2.77 11.87 5.13E ± 0.011 80.88 1.33 10.28 17.44C ± 0.011

  Treated sample after ageing 65.06 2.35 10.44 2.003F ± 0.011 79.21 1.07 9.86 15.76D ± 0.017

  LSD 0.05 0.0223 0.0251
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disappearance of the most characteristic functional 
groups of cellulose referred to the presence of mud 
stains and the low efficiency of the tested TiO2 NPs/car-
bopol hybrid LV nanogel in removing mud dust. This 
result confirmed the data obtained from the digital and 
SEM microscopes, where their micrographs revealed 
the presence of mud stains on the treated paper surface 

and the disappearance of paper fibers in different places 
of the examined paper. From the ATR-FTIR spectra of 
the treated sample with TiO2 NPs/carbopol hybrid LV 
nanogel after aging (Fig. 18), it was noticed the disap-
pearance of most functional groups, which referred to 
the effect of accelerated thermal aging on this treated 
sample.

Table 2  The results of mechanical properties (Tensile strength and Elongation at break) for the aged dust-stained paper, treated 
paper, and aged treated paper samples

Means with the same letter within the same column are not significantly different according to LSD at 0.05 level of probability

Samples Tensile strength (N) Elongation at break (%) Tensile strength (N) Elongation at break (%)

Aged stained sample before treatment 17.21G ± 0.010 0.568G ± 0.002 17.21G ± 0.010 0.568G ± 0.002

TiO2 NP/carbopol hybrid nanogel

 Low viscosity nanogel High viscosity nanogel

  Treated sample before aging 30.05C ± 0.010 0.920C ± 0.001 36.60E ± 0.010 1.013E ± 0.0011

  Treated sample after aging 26.88D ± 0.0115 0.904D ± 0.001 35.28F ± 0.015 0.976F ± 0.0015

ZnO NP/carbopol hybrid nanogel

 Low viscosity naogel High viscosity nanogel

  Treated sample before aging 37.58A ± 0.011 1.159A ± 0.002 56.40A ± 0.010 1.398A ± 0.001

  Treated sample after aging 37.08B ± 0.010 1.049B ± 0.001 56.0B ± 0.010 1.328B ± 0.001

Fe3O4 NP/carbopol hybrid nanogel

 Low viscosity nanogel High viscosity nanogel

  Treated sample before aging 18.93E ± 0.011 0.815E ± 0.001 53.8C ± 0.010 1.239C ± 0.001

  Treated sample after aging 17.35F ± 0.0115 0.654F ± 0.001 42.10D ± 0.010 1.200D ± 0.001

  LSD 0.05 0.0191 0.0026 0.0191 0.0023

Fig. 18  FTIR of aged untreated and treated paper samples with TiO2 NP/carbopol hybrid nanogel
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From the ATR-FTIR spectra of the treated sample 
with TiO2 NPs/carbopol hybrid HV nanogel before 
aging (Fig.  18) it was noticed some characteristic func-
tional groups of cellulose such as OH (3290  cm−1), CH 
(1400  cm−1) and C–O–C (1163  cm−1). Additionally, the 
disappearance of some other functional groups referred 
to the presence of mud stains on the surface. By compar-
ing the treated samples with TiO2 NPs/carbopol hybrid 
nanogels, it was observed that the treated sample with 
HV nanogel was more effective than the treated sam-
ple with the LV nanogel. The ATR-FTIR spectra of the 
treated sample with LV nanogel after aging (Fig.  18) 
revealed the effect of thermal aging on the treated paper, 
where the disappearance of most functional groups found 
before aging, where C–O–C found at 989 cm−1 and O–H 
at 666 cm−1.

The treated paper samples with ZnO NPs/carbopol 
hybrid LV nanogel before aging (Fig.  19) showed the 
presence of the functional groups of cellulose CH (2880 
cm−1), C = O (1600  cm−1), CH (1400  cm−1) and OH 
(650  cm−1) related to cellulose and the disappearance 
of OH and C–O–C groups referred to the presence of 
some traces from mud stains. The ATR-FTIR spectra of 
the treated samples after aging showed the presence of 
the characteristic peaks noticed before aging, but with 
shifting in the position of functional groups, where CH 
at 2890  cm−1, CH at 1410  cm−1 and OH at 787  cm−1. 
Additionally, it was noticed the disappearance of the 
functional group C = O. The shifting in position of most 

functional groups and the disappearance of some other 
groups may be due to the effect of the accelerated ther-
mal aging process.

From the ATR-FTIR spectra of the treated sample 
with ZnO NPs/carbopol hybrid HV nanogel (Fig.  19) it 
was characterized the functional groups of cellulose OH 
(3330  cm−1), CH (2910  cm−1), C = O (1640  cm1), CH 
(1420  cm−1), C–O–C (1030  cm−1) and OH (809  cm−1), 
with almost the disappearance of characteristic peaks 
of mud. The ATR-FTIR spectra of the treated sample 
after aging with ZnO NPs/carbopol hybrid HV nanogel 
showed the characteristic functional groups of cellulose 
OH (3330  cm−1), CH (2910  cm−1), C = O (1640  cm−1), 
CH (1360  cm−1), C–O–C (1030  cm−1), and OH 
(672  cm−1) at almost the same positions of the treated 
sample before aging. Additionally, it was not observed 
new functional groups, which referred to the resistance 
of the treated sample against the thermal aging process.

By comparing the ATR-FTIR spectra of the treated 
samples with ZnO NPs/carbopol hybrid nanogel at dif-
ferent concentrations and the untreated sample, it was 
noticed the efficiency of the ZnO NPs/carbopol hybrid 
nanogel in the cleaning process, but the HV form gave 
the best results.

The treated paper samples with Fe3O4 NP/carbopol 
hybrid LV nanogel before aging (Fig.  20) observed the 
disappearance of most characteristic functional groups 
of cellulose and the presence of the characteristic peaks 
of mud. The occurrence of the CH group at 1419  cm−1 

Fig. 19  FTIR of aged untreated and treated paper samples with ZnO NP/carbopol hybrid nanogel
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and C–O–C at 974  cm−1, referred to the presence of 
mud stain, which led to the inefficiency of the tested 
nanogel in the cleaning process. The ATR-FTIR spectra 
of the treated samples with Fe3O4 NPs/carbopol hybrid 
LV nanogel after aging (Fig. 20), observed the occurrence 
of C = O at 1677 cm−1, CH at 1409 cm−1 and C–O–C at 
(991  cm−1). By comparing the ATR-FTIR spectra of the 
treated samples before and after the aging process, the 
shifting of some functional groups was observed, which 
referred to the effect of the thermal aging process on the 
treated samples.

From the ATR-FTIR spectra of treated samples with 
Fe3O4 NPs/carbopol hybrid HV nanogel before aging 
(Fig. 20), the functional groups of OH (3230  cm−1), CH 
(2856 cm−1), C = O (1605 cm−1) and OH (998 cm−1) were 
characterized the cellulose structure. The characterized 
functional groups of mud almost disappeared. This led 
to the efficiency of this treatment compared to the treat-
ment with the LV form of nanogel.

Moreover, the results of different microscopes con-
firmed the same obtained from ATR-FTIR analysis, 
where the spectra of the treated sample after aging 
(Fig.  20) revealed the presence of the same character-
istic functional groups found in the ATR-FTIR spectra 
of the treated sample before aging, but with shifting 

to lower positions such as CH (shifted from 2856 to 
2849 cm−1) and C–O–C (shifted from 998 to 992 cm−1).

By comparing the intensity of the vibrations char-
acteristic of the paper before and after cleaning, we 
find an increase in the intensities of the vibrations 
at 3400  cm−1 (OH stretching) and groups of cellulose 
OH (3330  cm−1) and OH starching (672  cm−1) were 
increase after treatment, especially in high viscos-
ity of Fe3O4 NPs/carbobol nanogel and ZnO NPs/car-
bopol hybrid nanogel furthermore the intensities of 
C = O at 1677  cm−1, CH at 1409  cm−1 and C–O–C at 
(991  cm−1) had been increased after treatment and it 
quickly declined under the influence of accelerated age-
ing. Furthermore, through Table  3, it can be noticed 
the disappearance of the CH vibration for treated sam-
ples with TiO2 NPs/carbobol nanogel when comparing 
the sample before and after aging. One of the striking 
things is the increased intensity of the O–H stretch-
ing after treatment and aging by cleaning by TiO2 
NPs/carbobol nanogel and ZnO NPs/carbopol hybrid 
nanogel. Additionally, all visitations of ZnO NPs/car-
bopol hybrid nanogel such as OH starching (998  cm−1 
or 3230  cm−1), CH and C-O stretching (1050  cm−1) 
have been observed, but all these peaks were slightly 
decreased after aging.

Fig. 20  FTIR of aged untreated and treated paper samples with Fe3O4 NP/carbopol hybrid nanogel
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Conclusions
The treatment with ZnO NPs/carbopol hybrid nano-
gel at HV gave the best results in the cleaning process 
of mud stains. The results of the digital microscope 
showed that the treated paper sample with ZnO NPs/
carbopol hybrid nanogel at HV gave the best results in 
removing dust stains without effect on the paper’s fib-
ers. The paper became white in some areas and the stain 
layer was removed. The roughness of the fibers and the 
tearing deformation of paper fibers were also noticed 
after the treatment by samples, but no noticeable differ-
ences were detected. Both treated paper’s surface with 
TiO2 NP/carbopol hybird HV nanogel after aging, ZnO 
NPs/carbopol hybrid HV nanogel after aging, and ZnO 
NPs/carbopol hybrid LV nanogel before aging are good 
results, but not as efficient as the previous materials. 
ZnO NPs/carbopol hybrid nanogel system gave the best 
results in most evaluation techniques used, where the 
aged treated sample with HV form of ZnO NPs/carbopol 
hybrid nanogel gave the highest tensile strength value 
of (56.0 N) and elongation (1.398%) before aging. Addi-
tionally, after washing the paper, it has no effect on its 
chemical composition. Instead, it hydrates the material 
overall, which improves the treated paper’s qualities. The 
material treated with concentrated magnetite after aging 
gave the lowest tensile strength. It can be concluded the 
efficiency of ZnO NPs/carbopol hybrid LV nanogel with 
mud spots in the sample before aging is better than its 
efficiency after aging. The presence of residual impuri-
ties in both cases, but is found less in the treated sam-
ple before aging. Additionally, ZnO NPs/carbopol hybrid 
nanogel in the forms of HV and LV gave efficiency in 
cleaning stains on paper, but to varying degrees and not 
gave full efficiency in removing stains and impurities 
completely. There are residual impurities in each sample 
but in a small way. ZnO NPs/carbopol hybrid LV nanogel 
gave better results in the sample before aging. ZnO NPs/
carbopol HV hybrid nanogel gave a better result in the 
sample after aging.

After the artificial aging, the values of ΔE in all treated 
samples declined dramatically, with the maximum value 
of 19.32 for the sample treated with ZnO NPs/Carbopol 
hybrid HV nanogel. The sample that was aged-treated 
with Fe3O4 NPs/carbopol hybrid LV nanogel had the low-
est ΔE value (2.00). In conclusion, it was recommended 
to use ZnO NPs/carbopol hybrid nanogel in cleaning 
mud stains from paper manuscripts due to its satisfactory 
results compared to other treatments.
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