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H I G H L I G H T S  

• Novel draw solutes were prepared and evaluated for enhancing FO performance. 
• K-CQDs and Na-CQDs draw solutes revealed a high water flux, and very low reverse and specific solute flux 
• Stability test revealed that the water flux of K-CQDs was a slight decrease of 2 % after three-cycle of FO operations. 
• High feasibility of using K-CQDs and Na-CQDs in the FO process and their applicability for seawater desalination  
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A B S T R A C T   

Novel draw solutes based on potassium- and modified sodium-functionalized carbon quantum dots (K-CQDs and 
Na-CQDs) were prepared for seawater desalination. The characteristics of draw solutes were determined using 
Fourier Transform infrared spectroscopy (FTIR), field emission scanning electron microscopy (FE-SEM), energy- 
dispersive X-ray (EDX) spectroscopy, and thermal gravimetric analysis (TGA). The results of the FO system with 
K-CQDs and deionized water (DI) as a feed revealed a high water flux of 10.94–13.924 L/m2.h (LMH), very low 
reverse solute flux of 0.0161–0.0253 g/m2.h (gMH), and specific reverse solute flux of 0.0015–0.0018 at a 
concentration of 0.3–0.5 g/mL. The water flux of K-CQDs at a concentration of (0.3–0.5) g/mL for seawater and 
0.5 g/mL for Real Persian Gulf (RPG) water (Arabian Gulf) was (3.779–5.371) LMH and 6.1662 LMH, respec
tively. For Na-CQDs with DI, the obtained water flux, reverse solute flux, and specific reverse solute flux were 
10.3433–11.935 LMH, 0.0414–0.0621 gMH of 0.004–0.0052, respectively at a concentration of 0.3–0.5 g/mL at 
29 ◦C. The fluxes of synthetic seawater and RPG with K-CQDs and Na-CQDs were 5.37 and 6.16 LMH and 2.78 
and 3.78 LMH, respectively, at CQDs concentration of 0.5 g/mL. The stability test showed that there was only a 
slight decrease in the flux of 2 % after three-cycle of FO operations with K-CQDs.   

1. Introduction 

Water is the principal commodity for living ecosystems. Rapid pop
ulation growth and industrialization have manifested a huge challenge 
with available freshwater resources. The trade-offs between this growth 
and water resources have given rise to a high contest and necessitated 

urgent actions to tackle this inevitable crisis [1–3]. Compared to tradi
tional thermal desalination, reverse osmosis (RO) process implementa
tion has demonstrated a well-distinguished economic and 
environmental advantage in the seawater desalination industry. The 
recent advances witnessed in membrane-based separation technology 
have resulted in leapfrogging opportunities in the field of desalination 
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and water treatment. The versatility of the membrane-based separation 
processes and their tolerance for diverse applications made them an 
undisputedly futuristic separation choice [1,2,4]. In this context, one of 
the recent exceptional membrane separation processes is forward 
osmosis (FO). FO is a relatively innovative paradigm within the current 
membrane processes. Particularly, the process consumes slight energy 
compared to RO membrane while maintaining product quality. To 
perform the separation, FO harnesses the natural osmotic pressure as a 
driving force induced by the concentration gradient between a feed and 
draws solution. This is opposed to the working principles of common 
membrane processes, such as RO, where hydraulic pressure is needed 
[5]. However, the application of the FO technology for desalination is 
not as smooth as it may be perceived and faces several challenges such as 
finding suitable DS. 

The nature and characteristics of DS are pivotal to the FO process as 
it acts as a pump in the RO process [6]. Features of DS have a direct link 
to the FO membrane performance, and thus choosing the right DS is 
crucial [7]. Choosing DS and the way that could be recovered de
termines whether the FO application is successful or not. Particularly, 
this could not only enhance the process efficiency but also, translated 
into a radical reduction in process application cost. Yet, despite the vast 
number of novel DS been developed and evaluated for FO applications, 
none of them has been commercialized [8]. Typical DS for successful FO 
application should possess a high flux, diminished reverse salt flux 
(RSF), and is highly recoverable [9]. Other considerations should be also 
taken into account before introducing any FO system into real-world 
industries, including DS nontoxicity, cost feasibility, and commercial 
availability [8]. DS has been commonly categorized into several sec
tions. Inorganic compounds have taken the biggest share due to their 
potential to produce a high water flux and ease of recovery via pressure- 
driven membrane processes [10]. The conventional inorganic salts such 
as NaCl and MgCl2 produced high osmotic pressure along with high 
water flux. However, the high reverse solute leakage and the high cost of 
draw solute recovery raised the total operational costs [11]. Likewise, 
thermolytic compounds, such as NH4HCO3, TMA-CO2 and SO2 have also 
inspired the scientific community as a novel DS for FO desalination. 
However, their practical application is restricted due to solubility in 
water, corrosivity, reactivity, volatility and potential health issues 
[12–15]. Organic compounds (e.g., glucose, sucrose, …etc.) have been 
also reported in the literature as DS for wastewater treatment, potable 
water and food production applications [16–18]. This type of DS is 
characterized by large molecular size and is expected to endow more 
feasible performance than inorganic salts, especially, in reducing the 
RSF. Other forms of DS have also been reported in recent literature. 
Polyelectrolyte-based DS has been proposed for its high hygroscopic 
potential and large molecular size [19]. 

There are several papers that have published in recent years 
regarding development of new/modified draw agents for forward 
osmosis process [20–24]. Also, recent studies have reported stimuli- 
responsive polymeric hydrogels and functionalized magnetic nano
particles (MNP) with hydrophilic and ionic strength groups as excep
tional DS [25–27]. The hydrogels contain hydrophilic polymer networks 
and show high water absorption. As a draw solutes, they were found to 
be energy efficient and environmentally friendly, but they have disad
vantages such as the poor liquid water recovery rate and unsuitability 
for practical application [26]. Despite the recent advances witnessed in 
FO draw solutes synthesis, present DS still poses many drawbacks, such 
as low osmotic pressure, high reverse solute flux, and complex and 
energy-intensive regeneration processes. 

With the flourishing research interest paid to nanotechnology and its 
applications, nanotechnology-based DS for FO application has come 
along the way as a compromised DS with promising results. Function
alized magnetic nanoparticles (MNPs) exploiting highly ionic strength 
and water-soluble groups have acquired exceptional attention as DS for 
FO applications. Unsurprisingly, this was due to the ease of recovery 
from the water using an external magnet along with the capability of 

these NPs to generate high osmotic pressure [28]. The first inception of 
MNPs as DS was conceived by Warne et al. [27] in 2008. Following that, 
a number of studies were published on coating versatile functional 
groups on the surface of the MNPs. For brackish water desalination by 
FO membrane, Bai et al. (2011) devised novel dextran-coated Fe3O4 
magnetic nanoparticles. Results manifested that merging the excellent 
solubility of dextran and NPs magnetism could endow stringent criteria 
for DS. Utilizing such DS features could be an ideal choice for energy- 
saving and eco-friendly desalination processes [29]. In another work, 
thermosensitive super MNPs were synthesized via a facile thermal 
decomposition route and employed as smart DS for water reuse appli
cations. Authors reported that NPs could be successfully recycled 
without compromising performance efficiency [30]. Carbon-based 
quantum dots have emerged as a new class of carbon nanomaterials 
are one of these interesting nanomaterials. CQDs come with diameters 
below 10 nm and an abundance of functional groups, such as amino, 
hydroxyl, carboxyl, carbonyl, and other oxygenous groups [31]. Also, 
they are known as carbon nano lights that received a fair amount of 
attention due to their high solubility, low toxicity, great water 
dispensability, ease of synthesis, functionalization and intense lumi
nosity [32,33]. To the best of authors knowledge, there is only one 
publication addressed CQDs as a DS for the FO application has been 
reported [34]. In that work, a novel type of biocompatible Na+-func
tionalized carbon quantum dots (Na-CQDs) was synthesized by Guo 
et al., (2014) with ultra-small size and rich ionic species. The prepared 
Na-CQDs were harnessed in the PRO mode [active layer facing DS (AL- 
DS)] instead of the FO mode. According to their results, Na-CQDs 
aqueous dispersion displayed high osmotic pressure which reflected 
on the water flux while maintaining a slight reverse solute permeation. 
Another work curried out by Doshi and Mungray [35] to fabricate the 
CQDs from Tulsi (Ocimumtenuiflorum) and use it as a draw agent in 
forward osmosis desalination. Based on aforementioned, optimal DS 
selection is still the main obstacle facing the FO process spreading in 
industrial applications, and more efforts should be placed in that di
rection. Moreover, there are also several publications on the application 
of CQDs most of them on fabrication of FO membranes [36]. 

In our view, the novelty of this work can be seen in three aspects. 
First, the synthesis procedure of CQDs has been modified. Second, the 
surface functional groups have been neutralized with two cations and 
the performance has been compared. Third, the forward osmosis desa
lination has been performed on Persian Gulf water. The main advantages 
of suggested draw agents are their simple method of fabrication, their 
high performance of desalination of seawater and a relative efficient of 
their regeneration. 

This work presents a novel route for preparing two DS for seawater 
desalination, by FO system based on potassium- and modified sodium- 
functionalized carbon quantum dots. The characteristics of DS were 
fully determined via a set of characterization tools. This includes FTIR, 
FE-SEM, EDX, TGA, zeta potential, and AFM. Following that, a 
comprehensive investigation was conducted in FO mode to evaluate 
both DS in terms of water flux, solute permeability and reverse solute 
flux. The stability and recyclability of a draw solute in real applications 
were also investigated. 

2. Experimental work 

2.1. Materials 

Cellulose Triacetate (CTA) flat sheet membrane was supplied by 
Fluid Technology Solutions (FTS H2O, Albany, OR, USA) and mounted in 
the FO cell. Citric acid 1H2O (>99.5 %), Sodium Hydroxide (>98 %), 
and Sodium Chloride (>99.5 %) were purchased from Romil, UK. Po
tassium Carbonate (99.9 %) was supplied by SDFCL, India. Potassium 
Chloride (>99.5 %) was purchased from Chem-Lab, Belgium. Magne
sium Chloride Hexahydrate (99.0 %) was obtained from CDH, India. 
Deionized (DI) water with high purity was used for all experiments. 
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2.2. Synthesis of draw agents 

A simple, rapid and eco-friendly route was employed to prepare both 
DS. For the synthesizing Na-CQDs and K-CQDs, a 100 g citric acid 
monohydrate was initially ground into fine powders and then heated in 
air at 180 ◦C for 90 min in a glass beaker covered with a glass slide. The 
selection of 180 ◦C to heat the citric acid monohydrate was based on the 
obtained thermal gravimetric analysis (TGA) results, as shown in Fig. S1. 
Following this stage, a yellowish powder comprising CQDs was formed. 
The CQDs were then homogenously dispersed in water for 15–20 min, 
then neutralized (pH = 7) with 5.0 M NaOH solution under continuous 
stirring to obtain Na-CQDs. Similarly, to synthesise K-CQDs, a 5.0 M of 
potassium carbonate was added to CQDs precursor gradually under 
continuous stirring and neutralization to pH = 7. Subsequently, the 
produced solutions (Na-CQDs and K-CQDs) (feed solution) were dia
lyzed until the conductivity of the DI water was constant. The dialysis 
test was performed with a lab-scale setup (Fig. 1) using a commercial 
dialysis membrane (smart flux PUREMA dialyzer LFP-180, cutoff mo
lecular weight 500 Da, Medica, Italy) and the dialysate solution was DI 
water. 

Later, Na-CQD and K-CQDs solutions were dried at 80 ◦C. The drying 
process took place in two stages. First, a preliminary drying stage by the 
rotary evaporator where the water ratio in the prepared DS after the 
dialysis process was reduced depending on the vacuum pressure. In the 
final drying stage (80 ◦C) a powder was obtained and kept in a glass Petri 
dish ready for further use. 

2.3. Preparation of draw solution and feed solution 

K-CQDs and Na-CQDs draw solutions with a concentration varying 
from 0.3 to 0.5 g/mL were prepared along with NaCl solution with a 

concentration of 80 g/L. Three different feed solutions were utilized for 
the FO system evaluation such as deionized water, synthetic seawater 
water (3.5 wt% NaCl) and real Persian Gulf water. The Persian Gulf 
water sample was filtered using a 220 nm PTFE filter membrane before 
the FO testing. The specifications of Persian Gulf water following the 
filtration was summarized in Table S1. The composition and ions in the 
Persian Gulf water sample after evaporation were analyzed via energy- 
dispersive X-ray spectroscopy (EDS) as depicted in Fig. S2. 

2.4. Characterization of draw solutes and membranes 

A set of experimental tools have been employed for characterizing 
the membranes and draw solutions. This includes FTIR Spectroscopy 
(FTIR Raffinity-1 Shimhdzo ATR, Japan), EDX Spectroscopy (Bruker, 
Germany), Contact Angle (Si-plasma Cam 110, Taiwan), AFM (SPM 
AA300 Angstrom Advanced Inc., USA), Osmometer (KNAUER, K-7400 
Semimicro Osmometer, Germany), TGA (Sdt Q600 V20 9 Build 20, New 
Castle, DE, USA), and Zeta Potential (Malvern, United Kingdom). In 
AFM measurements, the particle size and particle size distribution were 
estimated by using IMAGER 4.31 software, a statistical particle size 
distribution was established for the surfaces of all samples. 

2.5. Experimental setup of FO system 

A custom-made apparatus was designed with a rectangular acrylic 
FO cell module as shown in Fig. S3. The cell consisted of four vents, 
input, and output for both feed and draw solutions. The module has an 
effective area of 33.516 cm2 with feed and draw solutions flowing in the 
co-current direction. The lab-scale FO system was equipped with a flat 
sheet CTA-FO membrane and the system was working in FO mode, 
where the active layer faces the feed solution (AL-FS) and the support 

Fig. 1. The schematic diagram of Na-QCDs and K-QCDs synthesis.  
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layer of the membrane faces the draw solution (SL-DS). Feed and draw 
solutions were co-currently flowing through the channels of the cell 
during the operation. Using a chiller and water bath, the feed and draw 
solutions were maintained at 29 ± 1 ◦C. The experimental time was set 
to 3 h. The reduction in the volume of the feed solution (FS) was 
measured every half an hour and the mean value of the water flux was 
reported. Also, the concentration of FS was measured using a conduc
tivity meter. The operating conditions of the FO process are given in 
Table S2. All specifications and characterization of CTA membrane are 
presented in Table S3. 

2.6. FO performance evaluation 

To measure the water permeability value (coefficient A) of the CTA 
membrane, deionized water was pumped into the feed side of the flat 
sheet module at an inlet flow rate of 0.5 L/min and 29 ◦C. Each of these 
experiments was performed with a hydraulic pressure of 0.5–2 bar. The 
permeated solution from the draw side was collected in a graduated 
cylinder. The water flux (JRO

w ) at each applied pressure was obtained by 
using Eq. (1) [37]: 

JRO
w =

V
Am.t

(1)  

where V represents the volume of collected water at time t, Am repre
sents the membrane’s effective area. The main water flux JRO

w formula 
that describes the RO process is: 

JRO
w = A(ΔP − Δπ) (2)  

where A is the water permeability, ΔP is the applied pressure across the 
membrane; Δπ is the difference in osmotic pressures across the mem
brane. Due to utilizing deionized water as a feed, Δπ is zero. Water flux 
JRO

w was determined for each applied pressure ΔP experimentally, and 
the slope of the water flux versus applied pressure curve represents the 
pure water permeability coefficient A. 

The permeate water flux (Jw, Lm− 2 h− 1) was calculated from the 
volume change of feed stream using the following equation: 

Jw=

ΔV
A.Δt

(3)  

where ⧍V is the change in the volume of feed solution over time (⧍t), 
and A is the effective surface area of the used FO membrane. 

The solute permeability coefficient (B) was measured for two types of 
DS (K-CQDs and Na-CQDs) under RO mode at 29 ◦C. The RO experi
ments were performed with 50 ppm for each DS. DI water was used as a 
solvent to prepare the two types of DS. The draw solution was pumped 
into the feed side of the flat sheet module under 2 bar hydraulic pressure 
with a 0.5 L/min flow rate. The salt rejection (R) for DS of the CTA 
membrane was obtained by measuring the concentration of the bulk 
feed (Cf) and permeate (CP) solutions using Eq. (4) [32]: 

R = 1 −
CP

Cf
(4) 

A digital conductivity meter was used to measure the two types of DS 
concentration in the permeate solution Cp. The salt permeability coef
ficient (B) was then calculated as follows: 

B =
A(ΔP − Δπ)(1 − R)

R
(5) 

It is important to mention here that water permeability (A), salt 
rejection (R), and salt permeability (B) are intrinsic permeability prop
erties (i.e. selective layer properties) of FO membranes. 

For Reverse Solute Flux, Js (gMH) and Specific Reverse Solute Flux 
(Js/Jw) measurements (The specific reverse solute flux is defined as the 
ratio between reverse solute flux (Js) and water flux (Jw)), DI water was 

initially employed as the feed solution, then, reverse solute flux was 
calculated by measuring the change of solute content in the feed stream 
by the conductivity data utilizing the following equation [38]: 

Js=
VtCt − V0C0

A.Δt
(6)  

where Vo and Vt represented the initial and final volumes of the feed 
stream, Co and Ct represented the initial and final solute concentrations 
of the feed stream. 

For the regeneration of diluted K-CQDs draw solution at 0.5 g/mL of 
K-CQDs and DI water as feed solution, direct contact membrane distil
lation (DCMD) system shown in Fig. S3 with PTFE flat sheet membrane 
Manufactured by sterlitech, USA with characteristic of (Pore size: 0.2 
μm, Support material: Laminated, PP neting and Water entry pressure: 
>2.5 bar (37 psi)) was used. The diluted draw solution (feed side in MD 
system) was circulated through the flat sheet MD module by diaphram 
pump after being heated up to 50 ◦C and 60 ◦C by using a water bath, 
while DI water, as the permeate solution, was counter currently circu
lated through the MD module by a diaphram pump after being cold to 
20 ◦C by the chiller. The feed and permeate flow rates were kept con
stant at 500 ml/min and 300 ml/min, respectively. The difference be
tween the feed solution and permeate side are ⧍T = (30–40) ◦C. The 
time of the experiment was 3 h; every half an hour, the reducing in the 
volume of the feed solution (FS) was measured. Also, the concentration 
of permeate side was measured using a conductivity meter. The MD 
system was cleaned using deionized water twice at the end of each 
experiment for 20 min, to remove particles that accumulated on the 
surface of the PTFE membrane. The conductivity of K-CQDs draw so
lution at 0.5 g/mL of K-CQDs was measured at 20 ◦C temperature. 

3. Results and discussion 

3.1. Characterization of draw solution 

3.1.1. FTIR and EDX 
FTIR spectroscopy was employed to affirm the functionalization of 

CQDs nanoparticles with Na and K. This could be carried out by defining 
the functional group’s variation on the CQDs before and after the 
grafting. Fig. S4 depicts the FTIR absorption spectra of monohydrate 
citric acid (CAM), CQDs, Na-CQDs, and K-CQDs. citric acid monohydrate 
FTIR absorption spectra were recorded in the range of 1900–1600 cm− 1 

(Fig. S4a). The infrared spectrum of the molecule, in this wavenumber 
range is characterized by an overlapped triplet of sharp and intense 
absorption bands at 1755, 1720, and 1685 cm− 1 assigned to the 
stretching mode of C––O in monohydrate citric acid. Referring to TGA 
analyses during the formation process of Na-CQDs and K-CQDs from 
citric acid, citric acid molecules had undergone incomplete carboniza
tion by losing some –OH groups. Indeed, resulting in CQDs with carboxyl 
groups at moderate heat treatment (at 180 ◦C for 90 min) as seen by the 
broad band around 2900 cm− 1 (Fig. S4b). 

Fig. S4c and d displayed the development of Na-CQDs and K-CQDs, 
respectively. FT-IR spectra of CQDs, K-CQDs, and Na-CQDs show –COO 
and –C–O groups inherited from citric acid molecules [39]. In addi
tion, the CQDs exhibit characteristic stretching vibration of C–H at 
2950 and below 1350 cm, indicating that the CQDs contain incom
pletely carbonized citric acid. That is in agreement with [34,40]. Due to 
the existence of abundant carboxyl groups, CQDs have a relatively acidic 
nature. After adding NaOH, or K2CO3 the acidic CQDs were neutralized 
by converting –COOH groups into –COONa, or COOK producing Na- 
CQDs and K-CQDs. 

EDX spectra for citric acid and CQDs, Na-CQDs, and K-CQDs are 
shown in Fig. 2. as could be seen, the O/C weight ratio of citric acid was 
1.08 (51.93/48.07), while CQDs exhibited a lower O/C weight ratio of 
1.045. This suggests that a small portion of oxygen groups was lost 
during the heating process. It is well known that citric acid molecules 
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contain abundant –OH groups, which can cause polymerization 
(carbonization) during the heat treatment at 180 ◦C. This is similar to 
that of glucose that forms carbonaceous spheres under hydrothermal 
treatment. These results agreed with that reported in preceding studies 
[34,41,42]. 

The presence of C, O, Na, and K in CAM, CQDs, Na+–CQDs, and K+- 
CQDs, respectively, were quantitatively confirmed by EDX, (Fig. 2). The 
Na and K content in Na-CQD and K-CQD was 14.53 % and 13.98 %, 
respectively. Besides, the CQDs and functionalized CQDs have high 
oxygen content, indicating that high quantity oxygen-containing groups 
existed in these CQDs. Both the ultra-fine size of CQDs and the existence 
of sodium, potassium and oxygen-containing groups contribute to the 
excellent hydrophilicity of CQDs. This bestowed good dispersion of 
CQDs in aqueous solutions. 

3.1.2. Stability with other salts 
The effect of MgCl2.6H2O, NaCl, and KCl on draw solutions was 

checked by measuring the osmolality of each type. Initially, 0.1 wt% 
solutions from each salt were prepared using DI water as a solvent. 
Following that step is mixing with each sample of K-CQDs and Na-CQDs 
and then measuring their osmolality with an osmometer device. Later, 
waiting for two days and measuring the osmolality of the same sample. It 
was found that the difference between the two readings was 0.88 %, 
with no change, and 0.62 % for K-CQDs at KCl, MgCl2.6H2O, and NaCl, 
respectively. Meanwhile, recorded 0.89 %, 1.14 %, and 1.25 % for Na- 

CQDs at KCl, MgCl2.6H2O, and NaCl, respectively. The stability tests 
showed that the K-CQDs showcased slightly better results than Na-CQDs. 
This was attributed to the structure of the synthesis material. 

3.1.3. Atomic force microscopy (AFM) 
AFM is a well-recognized and a potent tool to scan the surface 

topography of materials and provide necessary data about surface 
roughness parameters and approximate particle size distribution. 
Fig. S5A and B depicted the three-dimensional (3D) AFM images and 
particle size distributions of K-CQDs and Na-CQDs, respectively. The 
average roughness (Ra) and root mean square (Rq) were 1.14 nm and 
1.67 nm for K-CQDs while they were 1.3 nm and 1.77 nm for Na-CQDs. 
In comparison to Na-CQDs, K-CQDs manifested slightly lower roughness 
parameters. 

The average particle size of K-CQDs and Na-CQDs were almost 
convergent at 10.66 nm and 10.98 nm, respectively. These obtained 
values were very close to 10 nm, which is consistent with the reported 
particle size range of CQDs (~10 nm) [31]. According to Fig. S5, about 
77 % of K-CQDs total particles were <11 nm, 91 % were <12 nm, and 
97 % are <15 nm. For Na-CQDs, 63 % of all cumulated particles were 
<11 nm, 85 % <12 nm, and 96 % <15 nm. 

3.1.4. Zeta potential 
The zeta potential is an explicit measurement indicating the stability 

level of particles in a dispersion [43]. The magnitude of the zeta 

Fig. 2. EDX spectra of citric acid, CQDs, Na-CQDs, and K-CQDs.  
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potential indicates the degree of electrostatic repulsion between adja
cent charged particles that carries a similar charge. For molecules and 
particles that are small enough, a high zeta potential indicates a good 
stability, i.e., the dispersion resists aggregation. When the potential is 
small, attractive forces may exceed repulsive forces and the dispersion 
may break and flocculate [44]. 

The zeta potential of K-CQDs and Na-CQDs are shown in Fig. 3A. The 
surface charges of K-CQDs measured by zeta potential analysis man
ifested a highly positively value (64.35 mV), compared to 28.89 mV for 
the Na-CQDs. This is beneficial to prevent the deposition of both CQDs 
on the surface of the CTA membrane since both CTA membrane and 
CQDs are positively charged. Because of the similarity of charges be
tween the CTA membrane and K-CQDs and Na-CQDs, repulsion occurs 
and thus reduces the deposition of solute that occurs on the surface of 
the membrane. This ultimately enhances the water flux and reduces the 
reverse solute flux. Based on that, it is anticipated that better perfor
mance for K-CQDS than Na-CQDs could be achieved due to the higher 
positively zeta potential value observed. 

3.1.5. Thermal gravimetric analysis 
The thermal stability of Na-CQDs and K-CQDs was evaluated via TGA 

as shown in Fig. 3B. The entire temperature range was ramped from 25 
to 800 ◦C. As could be seen, TGA analysis of the K-CQDs indicated that 
the sample was stable up to 200 ◦C. The degradation curve consisted of 
three parts: The first drop initiated from 31.62 ◦C to 273.4 ◦C with a 

slight weight loss (7.295 %) caused by losing the moisture content. The 
second region started from 343.7 ◦C to 462.9 ◦C whereas the weight loss 
recorded 11.94 % due to the loss of CO2 and OH functional group. The 
third decline region started from 462.9 ◦C to 800 ◦C and the weight loss 
was 13.24 % due to the loss of CO. Herein, the total weight loss within 
the entire temperature range (25 ◦C to 800 ◦C) was 32.48 %. This 
indicated that K-CQDs were thermally stable and this agreed with the 
thermal characteristics of CQDs reported in preceding literature [45]. 
However, the Na-CQDs displayed less thermal stability behaviour 
compared with the of K-CQDs. The degradation curve of solid Na-CQDs 
consists of four regions: The first decline started from 27.2 ◦C to 216.5 ◦C 
where 13.29 % weight loss was observed due to the loss of the water 
content. The second part started from 223.4 ◦C to 373.6 ◦C and the sharp 
weight loss recorded 13.02 % due to the water loss, while the third part 
started from 373.6 ◦C to 531.01 ◦C and the weight loss was 8.521 % due 
to the loss of CO. The final decline started from 531.01 ◦C to 800 ◦C with 
a weight loss of 13.26 %. The total weight loss with increasing the 
temperature from 25 ◦C to 800 ◦C was 48.08 %. 

The thermal stability of K-CQDs is better than Na-CQDs. The 
decomposition of K-CQDs and Na-CQDs only started at 200 ◦C and 
175 ◦C, respectively. This is much higher than the typical thermal pro
cesses for water treatment such as membrane distillation [46]. 

3.1.6. Density and viscosity 
The low viscosity and high osmotic pressure are highly desirable 

Fig. 3. (A) Zeta potential of K-CQDs and Na-CQDs, (B) TGA of K-CQDs and Na-CQDs.  
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traits of an ideal DS [47]. With the variation of concentration from 0.3 to 
0.5 g/mL, the density of the K-CQDs and Na-CQDs solutions increased 
from 1.1478 to 1.2257 g/cm3 and from 1.1421 to 1.2188 g/cm3, 
respectively, (Table S3). Most probably, this was induced by the more 
efficient packing of the K-CQDs and Na-CQDs compounds. Worth 
mentioning, these values were lower than other complexes reported in 
the literature [48]. Similarly, the relative viscosity (ηr, calculated 
applying Eq. (8) [43–45]) of K-CQDs and Na-CQDs displayed an increase 
(1.4635–2.2329) and (2.1414–3.7949) upon increasing the concentra
tion for boyh CQDs, respectively. Despite the same CQDs amount and an 
identical weight percent of Na and K elements in Na-CQDs and K-CQDs 
having been harnessed, the viscosity of Na-CQDs was higher than K- 
CQDs. The K-CQDs and Na-CQDs exhibited a relative viscosity higher 
than the NaCl solution (1–1.1) M in the concentration range of 0.5–1.5 
M [46]. The physical propertiessuch as density, kinematic viscosity, 
dynamic viscosity and relative viscosity of the Na-CQDs and K-CQDs 
draw solutions are presented in Table S4 

ƞr =
ƞ
ƞ◦

(8)  

where: η and ηo are the viscosities of each DS solution (K-CQDs or Na- 
CQDs) and the DI water, respectively. 

As shown in Table S4, the relative viscosity (ηr) of K-CQDs and Na- 
CQDs are increasing with increasing of the concentration at 29 ◦C. For 
K-CQDs and Na-CQDs at concentration ranged from (0.3–0.5) g/mL the 
relative viscosity are (1.4635–2.2329) and (2.1414–3.7949) respec
tively. Although the same CQDs and the same weight percent of Na and 
K element in Na-CQDs and K-CQDs respectively, the viscosity of Na- 
CQDs is larger than K-CQDs as shown in Table S4. The K-CQDs are 
much lower than the polyelectrolyte, which has a relative viscosity of 40 
at 0.5 M [46] and lower than the hydroacid complex (Na5CAFe) that has 
a relative viscosity range in the range of 1.5–5 at 0.5–1.5 M [44]. Also, 
lower than dendrimer 2.5G PAMAM-COONa aqueous solutions (33.3 wt 
%) which has a relative viscosity 9.16, lower than thermos-responsive 
copolymer poly(sodium styrene-4-sulfonate-co-n-isopropylacrylamide) 
(PSSS-PNIPAM) solution 15SN (10–33.3 wt%) that has a relative vis
cosity of 5–70 [43], lower than polyelectrolyte poly(isobutylene-alt- 
maleic anhydride) (IBMA) using NaOH [IBMA-Na] solution with a 
relative viscosity of 12–128 at concentration of 0.05–0.4 g/mL [45] and 
lower than [(0.1–1)M MgCl2 + 0.05 M Al2(SO4)3] solution has dynamic 
viscosity of 1.8–2.35 cP [47]. While the relative viscosity of Na-CQDs 
was very lower than the polyelectrolyte that has a relative viscosity of 
40 at 0.5 M [46]. Also, lower than dendrimer 2.5G PAMAM-COONa 
aqueous solutions (33.3 wt%) that has a relative viscosity of 9.16 
[43], lower than the thermoresponsive copolymer poly (sodium styrene- 
4-sulfonate-co-n-isopropylacrylamide) (PSSS-PNIPAM) solution 15SN 
(10–33.3 wt%) with a relative viscosity of 5–70 [43] and lower than 
polyelectrolyte poly(isobutylene-alt-maleic anhydride) (IBMA) using 
NaOH [IBMA-Na] solution has a relative viscosity (12–128) at a con
centration of (0.05–0.4)g/mL [45]. The K-CQDs and Na-CQDs have a 
relative viscosity higher than the NaCl solution that has a value of 1–1.1 
in the concentration range of 0.5–1.5 M [44]. The K-CQDs more suitable 
for the FO–MD system compared with other because a high viscosity of 
the draw solution not only leads to high energy consumption for fluid 
pumping but also results in severe internal concentration polarization 
[43]. 

3.1.7. Solubility 
Based on solubility measurements, the K-CQDs were more soluble in 

water than Na-CQDs while both were very soluble compared to other 
DS. At a temperature of 29 ◦C, the solubility of K-CQDs in water was 203 
g K-CQDs/100 g H2O while the solubility of Na-CQDs was about 87 g Na- 
CQDs/100 g H2O. This difference could be stemmed from the various 
functional groups attached to the surface after the synthesis, such as 
hydroxyl, carboxyl and carbonyl. It is worth noting that both K-CQDs 

and Na-CQDs exhibited excellent quantitatively proved in water even at 
a high concentration (0.5 g/mL) along with high solubility and ho
mogenous aqueous solutions. 

3.1.8. The osmotic pressure 
The correlation between the osmolality and concentration for (K- 

CQDs), (Na-CQDs), and (NaCl) is depicted in Fig. 4. This osmotic pres
sure (bar) obtained from an osmometer device was calculated based on 
the equation below: 

π, bar = iMRT = (Osmolality,mosmol)× 0.001× 1.01325× 0.082×(T,K)

(9)  

where, i is Van’t Hoff factor, M is Molar concentration of the solute in the 
solution, R is Universal gas constant, and T is the temperature in K. 

The maximum measured concentration was 0.1 g/mL for K-CQDs 
and Na-CQDs and 50 g/L for NaCl. From the obtained relation, the os
motic pressure for K-CQDs and Na-CQDs could be determined. From 
Fig. 4 the osmolality of K-CQDs and Na-CQDs at (0.3, 0.4, and 0.5) g/mL 
was measured, whereas the estimated osmotic pressure values were 
listed in Table 3. 

These osmotic pressures were much higher than that of seawater (26 
atm) [47]. The high osmotic pressure was attributed to the favourable 
characteristics of K-CQDs and Na-CQDs, namely ultra-small size and rich 
ionic species. It can be noted from Fig. 4 that the relationship between 
the osmolality and concentration is linear at the low concentrations 
measured by the device. Table 3 shows the calculated values of osmo
larity and osmotic pressure of the draw solutions at concentrations 
higher than the measurement range of the device using the obtained 
linear correlations in Fig. 4. The lower osmotic pressure of Na-CQDS 
compared to K-CQDs may be attributed to the size of the particles and 
the characteristics of the material such as solubility and stability. The 
osmolality of DS depends on their solubility in water and ionization. This 
result was in good agreement with that reported in [47]. It is worth 
noting that the osmolality of K-CQDs and Na-CQDs is high which is one 
of the important advantages that it possesses compared to a lot of ma
terials found in the literature, for example thermos-responsive copol
ymer PSSS-PNIPAM solution 15SN (33.3 wt%) with osmolality 2137 
mosmol/Kg [43], polyelectrolyte [IBMA-Na] solution with osmolality 
(2600 mosmol/Kg) at concentration of (0.4) g/mL [41] and 0.5 M 
MgCl2 + 0.05 M Al2(SO4)3 with osmolality 2250 mosmol/Kg [47]. 

3.2. Performance evaluation of FO system 

The experiments were carried out for the CTA membrane using K- 
CQDs, Na-CQDs, and NaCl as draw agents and DI water, synthetic 
seawater 3.5 wt% NaCl, and pre-filtered Persian Gulf water as feed so
lutions. The flow rate for both sides is constant at 0.5 L/min. The con
centration of K-CQDs and Na-CQDs was 0.3–0.5 g/mL while the NaCl 
concentration was 80 g/L (0.08 g/mL). The FS was facing the membrane 
active layer and the DS was facing the membrane support layer. The 
temperature was kept at 29 ± 1 ◦C. NaCl was chosen as a reference to 
benchmark the performance of DS, K-CQDs and Na-CQDs when the feed 
solution was DI water. 

3.2.1. Effect of draw solution concentration and type on permeate flux 
The main parameter that can affect the water flux is the driving force 

(Δπ). The driving force was the difference in osmotic pressures across 
the membrane between the draw and feed solution sides. Fig. 5 illus
trates the water flux for three different feed solutions; DI water, syn
thetic seawater (3.5 wt% NaCl), and Persian gulf water, respectively. 
The concentration of the DS was varied between 0.3 and 0.5 g/mL for K- 
CQDs and Na-CQDs, while fixed at 80 g/mL for the NaCl. 

As could be seen in Fig. 5A, a clear gradual increase in water flux was 
witnessed as the concentration of the DS increased from 0.3 g/mL to 0.5 
g/mL for both K-CQDs and Na-CQDs. K-CQDs exhibited 13.924 LMH at 
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0.5 g/mL compared to 10.940 LMH at 0.3 g/mL. However, Na-CQDs 
showed 11.935 LMH and 10.343 LMH at a concentration of 0.5 and 
0.3 g/mL, respectively. Likewise, using NaCl as DS and water as FS, the 
water flux recorded 14.7 LMH, at the same conditions. When utilizing 
synthetic seawater as FS, the flux suffered a dramatic decrease for both 
K-CQDs and Na-CQDs. 

Fig. 5B illustrates the permeate water flux of K-CQDs and Na-CQDs as 
a function of concentration (i.e., 0.3 to 0.5 g/mL) when FS is seawater 
3.5 wt% NaCl at 29 ◦C and the flow rate of FS and DS is 0.5 L/min. As 
both DS concentrations increased from 0.3 to 0.5 g/mL, the water flux 
displayed 3.779–5.371 LMH and 1.591–2.785 LMH for K-CQDs and Na- 
CQDs. The permeate water flux of K-CQDs at a concentration of 0.5 g/ 
mL was larger than that of Na-CQDs at various concentrations (0.3–0.5) 
g/mL. K-CQDs have a permeate water flux at a concentration of 0.4 g/ 
mL approximately similar to Na-CQDs at a concentration of 0.5 g/mL. 
The higher flux for K-CQDs as opposed to Na-CQDs is attributed mainly 
to the higher osmotic pressure and solubility of the former compared to 
the latter. The structural and surface properties of the draw solutes were 
main factors influencing the flux values and desalination efficiency of 
FO process. The average roughness (Ra) (i.e., the arrangement of the 

physical features of a draw solutes) for K-CQDs was 1.14 nm, while it 
was 1.3 nm for Na-CQDs. The surface roughness could impact water 
adsorption onto the CQDs, the lower the roughness, the leaas water 
retained, and consequently more water available for passage through 
the membrane. Also, the CTA membrane was in contact with the K-CQDs 
and Na-CQDs, and the charge of the CTA membrane, K-CQDs and Na- 
CQDs based on the zeta potential test was positive, which means that 
the K-CQDs and Na-CQDs were rejected due to electrostatic repulsion. 
This is beneficial to prevent the deposition of both draw solutes on the 
surface of the CTA membrane. This finally enhances the water flux and 
reduces the reverse solute flux that occurs during the FO process. 

NaCl has a slightly larger permeate water flux at 80 g/L than K-CQDs 
and Na-CQDs at 0.5 g/mL. This is due to the low molecular weight, and 
high osmotic pressure generated but the NaCl solution has the drawback 
of having a high reverse solute flux and fouling. 

Permeate water flux of K-CQDs and Na-CQDs when FS is Persian gulf 
water at a concentration of 0.5 g/mL at 29 ◦C and the flow rate of FS and 
DS is 0.5 L/min as illustrated in Fig. 5C. It can be noticed that using 
Persian gulf water as FS resulted in 6.16 LMH and 3.779 LMH at 0.5 g/ 
mL for K-CQDs and Na-CQDs, respectively. This observed higher flux at 
higher DS concentration (0.5 g/mL) was attributed to the increment in 
the osmotic driving force across the membrane for both DS types. 
Moreover, the flux manifested an approximately linear increase when 
the concentration increased from 0.3 to 0.5 g/mL. That could be 
attributed to the lower viscosity, higher osmotic pressure, molecular 
weight larger than the pore size of the membrane and the solubility of K- 
CQDs and Na-CQDs. The results indicate that water flux mainly depends 
not only on the concentration of the draw solution but also on the type of 
draw solution. It can be seen from the figures that the water flux for K- 
CQDs is greater than Na-CQDs. Yet, the water flux of K-CQDs and Na- 
CQDs was higher than other DS reported in the preceding literature 
using the same FO membrane [47,49–51]. 

Fig. 4. The relation between osmolality and concentration for (K-CQDs), (Na-CQDs) and NaCl.  

Table 3 
The predicted osmolality for different draw solutions of different concentrations 
at a temperature of 29 ◦C.  

Type of 
DS 

Concentration (g/ 
mL) 

Osmolality (mosmol/Kg 
H2O) 

Osmotic pressure 
(bar) 

K-CQDs  0.3  2897.627  72.7437 
K-CQDs  0.4  3859.527  96.8918 
K-CQDs  0.5  4821.427  121.0399 
Na-CQDs  0.3  2736.533  68.6995 
Na-CQDs  0.4  3638.703  91.3481 
Na-CQDs  0.5  4540.873  113.9967 
NaCl  0.035  1224.2568  30.7344 
NaCl  0.08  2810.9118  70.5667  

A.H. Kamel et al.                                                                                                                                                                                                                               



Desalination 567 (2023) 116956

9

3.2.2. Effect of feed solution concentration on permeate water flux, reverse 
solute flux (Js) and specific reverse solute flux (Js/Jw) 

By increasing the salinity of the feed solution from DI water (zero 
NaCl), seawater (3.5 wt% NaCl) to perian gulf seawater (>3.5 wt% 
NaCl) respectively, naturally, the driving force decreases according to 
Eq. (10). This appears as a decrease in water flux through the membrane. 

Net driving force = (π(draw solution) ) − (π(feed solution) ) (10) 

Fig. 6 shows the effect of different feed solution concentrations and 
K-CQDs and Na-CQDs as draw solutions on the FO performance. The 
water flux of the Persian gulf seawater of K-CQDs and Na-CQDs is 
(6.1662 LMH) and (3.779 LMH) at 0.5 g/mL, respectively. While the 
synthetic seawater (3.5 wt% NaCl) is 5.371 LMH and 2.785 LMH at 0.5 
g/mL, respectively. It is clear from these figures that at the same con
centration of 0.5 g/mL for K-CQDs and Na-CQDs as draw solutions, the 
water flux of Persian gulf water was higher than the synthetic seawater 
(3.5 wt% NaCl). The reason for this observation is that the concentration 
of salt for RPG water is lower than 3.5 wt% NaCl due to this fact that the 
RPG water has different types of ions as illustrated in EDX test in Fig. S2. 
This difference in type of ions could lead to a lower osmotic pressure 
compared to the synthetic seawater, which only has pure NaCl. 

The reverse solute flux (RSF) and specific reverse solute flux (SRSF) 

of K-CQDs and Na-CQDs for various concentrations of 0.3–0.5 g/mL 
were measured and compared with that of NaCl. A trivial increase in RSF 
and SRSF associated with the increase in the concentration of K-CQDs 
and Na-CQDs was noticed accordingly (Fig. 6). This was attributed to the 
increased osmotic pressure of the DS upon increasing their concentra
tions. The reverse solute flux of K-CQDS and Na-CQDs when FS was DI 
water were (0.0161–0.0253) gMH and (0.0414–0.0621) gMH, respec
tively at different concentrations (0.3–0.5 g/mL). While the RSF of NaCl 
is 3.9084 gMH at 0.08 g/mL. Also, the specific reverse solute flux (Js/ 
Jw) for K-CQDs and Na-CQDs are (0.0015–0.0018)g/L and 
(0.0040–0.0052)g/L, respectively at different concentrations (0.3–0.5 
g/mL). While the SRSF of NaCl is 0.2655 gMH at 0.08 g/mL. From the 
figures, one can see that the RSF and SRSF values of K-CQDs and Na- 
CQDs are negligible compared to NaCl. Because they have very high 
solubility and the molecular weight of particles is larger than the pore 
size of the CTA membrane. The RSF and SRSF of K-CQDs are smaller 
than Na-CQDs due to their very high solubility, low viscosity and high 
positive charge. Also, the CTA membrane was in contact with the K- 
CQDs and Na-CQDs, and the charge of the CTA membrane, K-CQDs and 
Na-CQDs based on the zeta potential test was positive, which means that 
the K-CQDs and Na-CQDs were rejected due to electrostatic repulsion. 
This reveals one of the advantages of using K-CQDs and Na-CQDs as a 

Fig. 5. (A) Permeate water flux of K-CQDs, Na-CQDs and NaCl as a function of concentration for FS of DI water at 29 ◦C and the flow rate of FS and DS is 0.5 L/min, 
(B) Permeate water flux of K-CQDs and Na-CQDs as a function of concentration for FS of seawater 3.5 wt% NaCl at 29 ◦C and the flow rate of FS and DS is 0.5 L/min, 
(C) Permeate water flux of K-CQDs and Na-CQDs for FS of Persian gulf water and concentration of 0.5 g/mL at 29 ◦C and the flow rate of FS and DS is 0.5 L/min. 
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draw solute in the FO process. A novel draw solution for minimizing the 
reverse flux of ions during FO desalination to decrease the cost of 
replenishing lost draw solutes. Those findings agreed with a previous 
work conducted by Guo et al., that has the RSF of Na-CQDs <0.05 gMH 
[34]. The RSF and SRSF of K-CQDs and Na-CQDs were much lower than 
other draw solutions mentioned in the preceding literature [47,49,51]. 

3.2.3. The recyclability of K-CQDs 
Since K-CQDs should superiority in this study, its recycalbaility was 

carefully examined. A high thermal decomposition temperature of K- 
CQDs may enable the stability and recyclability of a draw solute in real 
applications. In lab-scale testing, the water content of the draw solution 
(dilute K-CQDs at 0.5 g/mL) when the feed solution is DI water is dried 
using an oven at 80 ◦C to recover the K-CQDs powder. The recovered K- 
CQDs showed a slight or no performance decrease in FO tests compared 

Fig. 6. (A) Permeate water flux as a function of the concentration of feed solution with different concentrations of K-CQDs and Na-CQDs at 29 ◦C and flow rate FS 
and DS (0.5 L/min), (B) Reverse solute flux and Specific reverse solute flux of K-CQDs, Na-CQDs as a function of concentration and NaCl (0.08 g/mL) when FS is 
DI water. 
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to freshly prepared draw solutes when testing for three cycles. Fig. 7 
shows the performance of FO water flux at 0.5 g/mL K-CQDs and DI 
water as feed solution when recycling for using three cycles. The water 
flux for the respective three cycles was 13.924 LMH, 13.586 LMH, and 
13.645 LMH. It is clear from the figure after 3 cycles, the water flux 
dropped only by 2 % which agrees with the literature [49]. 

4. Comparison study 

This comparison present a deep understanding of how K-CQDs and 
Na-CQDs as a draw agents performs comparing to other draw agents 
found in the literature. Table 4 summarized a performance of a number 
of draw solutes presented in the literature compared to the performance 
of the K-CQDs and Na-CQDs synthesized in the current study using CTA 
as a FO membrane. From the comparative results, it can be demonstrates 
that the K-CQDs and Na-CQDs shows acceptable and comparable FO 
performance compared with other draw solutes. Additionally, the K- 
CQDs and Na-CQDs synthesized in this study also manifested an efficient 
and superior FO performance over those available draw solutes pre
sented in the literature. The K-CQDs and Na-CQDs fabricated by this 
work has demonstrated promising ability to reach scalability or 
commercialized if compared with currently available draw solutes. 

5. Conclusions 

Synthesis and testing K-CQDs and Na-CQDs as promising DS agents 
were successfully performed and their potential for desalination via FO 
setup was examined. The following conclusions can be drawn:  

1. The TGA analysis proved the sufficient thermal stability of DS which 
is essential for the FO-MD hybrid process.  

2. The water flux increase when the concentration of the draw solution 
increase for K-CQDs and Na-CQDs in the FO system which is due to 
the resulting increase in the osmotic pressure while having very low 
reverse solute flux and specific reverse solute flux compared to other 
draw solutions reported in the literature.  

3. For K-CQDs as a draw solute, the FO water flux is high as 13.924 
LMH, RSF and SRSF were negligible with 0.0253 gMH and 0.0018, 
respectively for a concentration of 0.5 g/mL at 29 ◦C using DI water 
as a feed solution. When the feed solution was seawater (3.5 wt% 
NaCl and Persian Gulf seawater), the water flux of K-CQDs was 5.371 
LMH and 6.1662 LMH, respectively. K-CQDs performed better than 
Na-CQDs with water flux of 11.935 LMH, RSF of 0.0621 gMH, and 

SRSF of 0.0052 for a concentration of 0.5 g/mL at 29C with DI. When 
the feed solution was changed to seawater (3.5 wt% NaCl and Per
sian Gulf water), the water flux of Na-CQDs was 2.7847 LMH and 
3.7793 LMH, respectively.  

4. The recovered K-CQDs showed a slight or no performance decrease 
in FO tests compared to freshly prepared draw solutes when testing 
for three cycles with the loss of flux of only 2 %..  

5. Generally our laboratory scale study demonstrated the feasibility of 
using K-CQDs and Na-CQDs in the FO process and their applicability 
for seawater desalination. 

6. Like any other new draw agents, implementation of CQDs nano
particles in FO desalination will creates new challenges. From one 
side, preparation of these nanoparticles requires heating to 180 ◦C. 
Providing this temperature on a large scale could have some envi
ronmental impacts. On the other hand, separation of these particles 
from desalinated water and their regeneration by nanofiltration 
could add extra cost to the process. 

The promising results obtained in this study should motivate further 
future work to test these draw solutions with the other FO orientation (e. 
g. pressure retarded osmosis). Longer tests for filtration and recyclability 
would also be useful to explore in the future. While the impact of tem
perature on the prepared CQDs structure was explored through TGA 
analysis, a further examining of the temperature effect on CQDs per
formance in water would be beneficial to assess their feasibility in FO- 
MD systems. 
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